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ABSTRACT
NOVEL ASPECTS OF ULTRASTRUCTURE IN TWO 
SPECIES OF CYANOBACTERIA
by
SANDRA A. NIERZWICKI-BAUER 
U n i v e r s i t y  o f  New H am pshire , May, 1982
N ovel a s p e c t s  o f  m orphology and u l t r a s t r u c t u r e  w ere  examined 
in  two s p e c i e s  o f  c y a n o b a c t e r i a .  A c o m p le te ,  t h r e e - d i m e n s i o n a l ,  
u l t r a s t r u c t u r a l  r e c o n s t r u c t i o n  o f  t h e  u n i c e l l u l a r  cy an o b a c te r iu m  
Agmenellum q u a d ru p l ic a tu m  was c a r r i e d  o u t  by means o f  h i g h - v o l t a g e  
e l e c t r o n  m ic roscopy  o f  t h i c k  s e c t i o n s  and c o m p u te r -a id e d  r e c o n ­
s t r u c t i o n  o f  s e r i a l  t h i n  s e c t i o n s .  The p h o t o s y n t h e t i c  t h y l a k o id  
system  c o n s i s t e d  o f  3 -6  membrane s h e e t s  t h a t  t r a v e r s e d  and were 
p a r a l l e l  t o  t h e  long  a x i s  o f  t h e  c e l l .  These  s h e e t s  w ere  a r r a n g e d  
a s  an anas to m o sin g  n e tw o rk  o f  c o n c e n t r i c  s h e l l s .  They c o a le s c e d  
and app ro ach ed  t h e  c y to p la s m ic  membrane a t  t h r e e  p e r i p h e r a l  l o c i  
a lo n g  th e  e n t i r e  l e n g t h  o f  t h e  c e l l .  The c e n t r a l  c y to p la sm  of 
t h e  c e l l  was c o m p le te ly  su r ro u n d e d  by t h y l a k o i d s ;  t h i s  ap p ea re d  to  
be a  t r u e  form of c o m p a r tm e n ta l i z a t io n  in  a  p r o k a r y o t i c  o rg an ism . 
The th y l a k o id  membranes c l e a r l y  in te r c o n n e c te d  w i th  t h e  c y to p la s m ic  
membrane a t  s e v e r a l  l o c a t i o n s  w i t h i n  t h e  c e l l .  Some o f  t h e  v a r ­
io u s  i n t r a c e l l u l a r  i n c l u s i o n  b o d ie s  were a lw ays  p e r i p h e r a l l y  
l o c a t e d ,  w h i le  o t h e r s  w ere  a lw ays  c e n t r a l l y  l o c a t e d .  The d e t a i l e d  
t h r e e - d im e n s i o n a l  a rran g em en t o f  s u b c e l l u l a r  f e a t u r e s  was 
rem ark ab ly  c o n s i s t e n t  from  one c e l l  t o  a n o th e r .
xv
The m orphology and u l t r a s t r u c t u r e  o f  th e  b ra n c h in g ,  f i l a ­
m entous ( s t ig o n e m a ta le a n )  c y a n o b a c te r iu m  M a s t ig o c la d u s  lam in o su s  
w ere  examined w i th  c o n v e n t i o n a l  l i g h t  and e l e c t r o n  m ic ro sco p y .
The v e g e t a t i v e  m orphology and u l t r a s t r u c t u r e  o f  M. la m in o su s  
w ere  s i m i l a r  t o  t h o s e  o f  F i s c h e r e l l a  am bigua, t h e  o n ly  s t ig o n e m a ­
t a l e a n  c y an o b a c te r iu m  exam ined i n  d e t a i l  t o  d a t e .  The u l t r a -  
s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  m a tu re  h e t e r o c y s t s  i n  M. lam in o su s  
w ere d i s t i n c t l y  d i f f e r e n t  from th o s e  o f  o t h e r  c y a n o b a c te r i a ;  t h e  
fo rm er  la c k e d  c e r t a i n  e x t r a  w a l l  l a y e r s ,  la c k e d  c y a n o p h y c in - l ik e  
p l u g s ,  c o n ta in e d  l a r g e  numbers o f  c l o s e l y  packed  i n t r a c y t o p l a s m i c  
membranes, and c o n ta in e d  a  p r e v i o u s l y  u n r e p o r te d  ty p e  o f  i n c l u s i o n  
body. The h e t e r o c y s t  d i f f e r e n t i a t i o n  p r o c e s s  a l s o  d i f f e r e d  from  
t h a t  seen  in  o th e r  c y a n o b a c t e r i a ;  t h e  e a r l i e s t  e v e n ts  in v o lv e d  
i n t e r n a l  changes  r a t h e r  th a n  e x t e r n a l  and b u n d le s  o f  s t a c k e d ,  
l a m e l l a r  membranes w ere  fo rm ed . These  r e s u l t s  showed t h a t  h e t e r o ­
c y s t  d i f f e r e n t i a t i o n  and u l t r a s t r u c t u r e  in  d i f f e r e n t  g e n e ra  of 
c y a n o b a c te r i a  v a r y  more w id e ly  th a n  h a s  been  th o u g h t  t o  be  t h e  
c a s e .  M. la m in o su s  was a l s o  shown t o  undergo  a g in g  and morpho­
g e n e t i c  p r o c e s s e s  a n a la g o u s  to  some o f  th o s e  known t o  o c c u r  in  
e u k a r y o t i c  o rg a n ism s .
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INTRODUCTION
C y a n o b a c te r ia  ( o r  b lu e - g r e e n  a lg a e )  a r e  p h o to t r o p h ic  
m ic ro o rg an ism s  t h a t  c a r r y  o u t  an o xygen ic  form o f  p h o to sy n ­
t h e s i s  s i m i l a r  to  t h a t  o f  h ig h e r  p l a n t s .  The en e rg y  and 
re d u c in g  power g e n e r a te d  by t h i s  p ro c e s s  can be used  to  
a s s i m i l a t e  a tm o sp h e r ic  CO2  and , in  some s p e c i e s ,  The
c y a n o b a c te r i a  a r e  an e x c e e d in g ly  d i v e r s e  g roup  o f  m ic ro o r ­
ganism s in  te rm s  o f  t h e i r  m o rp h o lo g ic a l  c h a r a c t e r i s t i c s ,  
r a n g in g  from s im p le  u n i c e l l u l a r  s p e c ie s  to  complex b ra n c h ­
in g ,  f i l a m e n to u s  forms (R ippka e t  a l . ,  1S79). They a re  
fu n d a m e n ta l ly  p r o k a r y o t i c  b u t  b o th  th e  g e n e r a l  o r g a n i z a t i o n  
and th e  d e t a i l e d  u l t r a s t r u c t u r a l  f e a t u r e s  o f  t h e i r  c e l l s  a re  
c o n s id e r a b ly  more c o m p l ic a te d  th a n  th o s e  o f  most o t h e r  b ac ­
t e r i a ,  owing to  th e  p re s e n c e  o f  an i n t r i c a t e  system  o f  p h o to ­
s y n t h e t i c  membranes and an u n u s u a l ly  wide v a r i e t y  o f  s p e c i a l ­
iz e d  i n c l u s i o n  b o d ie s  ( S t a n i e r  and C o h en -B a z ire , 1977). Most 
c y a n o b a c te r i a  t h a t  a s s i m i l a t e  a tm o s p h e r ic  n i t r o g e n  a re  even 
more complex in  te rm s o f  t h e i r  morphology and u l t r a s t r u c t u r e  
b ecau se  th e y  p roduce  a s p e c i a l  ty p e  o f  c e l l ,  c a l l e d  a h e t e r o ­
c y s t ,  in  which th e  n i t r o g e n  f i x a t i o n  p ro c e s s  t a k e s  p l a c e .  
T y p ic a l  v e g e t a t i v e  c y a n o b a c t e r i a l  c e l l s  undergo  an i n t r i c a t e  
s e r i e s  o f  u l t r a s t r u c t u r a l  and b io c h e m ic a l  changes  i n  o r d e r  to  
p roduce th e s e  h e t e r o c y s t s ,  a p ro c e s s  t h a t  a p p e a rs  t o  be con­
t r o l l e d  by a v e ry  s o p h i s t i c a t e d  and p r e c i s e  mechanism (Adams
2and C a r r ,  198 1 ).  From a m o rp h o lo g ic a l  and u l t r a s t r u c t u r a l  
s t a n d p o i n t ,  t h e n ,  t h e  c y a n o b a c te r i a  a r e  p ro b a b ly  t h e  most 
complex and d i v e r s e  group o f  p r o k a r y o t i c  o rg an ism s  known.
The m o rp h o lo g ic a l  and u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  
o f  c y a n o b a c te r i a  have  been  s t u d i e d  e x t e n s i v e l y  f o r  many y e a r s  
( f o r  r e v ie w s ,  s e e  Lang, 1968; S t a n i e r  and C o h en -B a z ire ,  1977; 
Wolk, 197 3 ),  y e t  much rem a in s  to  be l e a r n e d  ab o u t  t h i s  s u b j e c t .  
For exam ple, much i s  known a b o u t  t h e  b a s i c  u l t r a s t r u c t u r a l  f e a t ­
u r e s  o f  t y p i c a l  c y a n o b a c t e r i a l  c e l l s ,  a b o u t  how t h e s e  f e a t u r e s  
d i f f e r  from one genus t o  a n o t h e r ,  and ab o u t how t h e s e  f e a t u r e s  
a r e  a f f e c t e d  by e n v i ro n m e n ta l  o r  c u l t u r a l  c o n d i t i o n s .  In  con­
t r a s t ,  a lm o s t  n o th in g  i s  known ab o u t  how t h e s e  b a s i c  u l t r a -  
s t r u c t u r a l  f e a t u r e s  a r e  a r r a n g e d  t h r e e - d i m e n s i o n a l l y  w i th in  t h e  
c y a n o b a c t e r i a l  c e l l .  S i m i l a r l y ,  much i s  known ab o u t t h e  b a s i c  
s t r u c t u r a l  p r o p e r t i e s  of c y a n o b a c t e r i a l  p h o t o s y n t h e t i c  membranes 
( c a l l e d  t h y l a k o i d s )  b u t  t h e r e  i s  no g e n e r a l  ag reem en t on how 
t h e s e  membranes a r e  a r r a n g e d  t o  form  a c o m p le te  sys tem  o r  on 
w h e th e r  t h a t  system  i s  a s s o c i a t e d  w i th  t h e  c y to p la s m ic  membrane 
(G o le c k i  and Drews, 1982). A c o n s i d e r a b l e  amount o f  in f o r m a t ­
ion  h as  been  p u b l i s h e d  r e g a r d in g  th e  u l t r a s t r u c t u r a l  c h a r a c t e r ­
i s t i c s  of h e t e r o c y s t s ,  t h e  p r o c e s s  by w hich  th e y  a r e  form ed, 
and t h e  mechanism by w hich  t h a t  p ro c e s s  i s  c o n t r o l l e d  (Adams and 
C a r r ,  1 9 8 1 ) ,  b u t  a l l  o f  t h i s  in f o r m a t io n  h a s  come from s t u d i e s  
i n v o lv in g  o n ly  a  few s p e c i e s  of A nabaena. Many o t h e r  cyano­
b a c t e r i a l  g e n e ra  p ro d u ce  h e t e r o c y s t s ,  b u t  th o s e  g e n e ra  have  n e v e r  
been  i n v e s t i g a t e d  in  d e t a i l .  For t h a t  m a t t e r ,  even b a s i c  u l t r a -  
s t r u c t u r a l  s t u d i e s  have  been  c o n f in e d  a lm o s t  e n t i r e l y  t o  t h e
3u n i c e l l u l a r  c y a n o b a c t e r i a  and th e  n o n b ra n c h in g  f i l a m e n to u s  forms 
( s e e  L i t e r a t u r e  R ev iew ). C o m p a ra t iv e ly  l i t t l e  i s  known ab o u t  th e  
u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  m o r p h o lo g ic a l ly  complex cyano­
b a c t e r i a  such  a s  th e  b r a n c h in g  f i l a m e n to u s  t y p e s ,  and v i r t u a l l y  
n o th in g  i s  known abou t h e t e r o c y s t s  in  t h e s e  o rg a n is m s .
The p r e s e n t  s tu d y  was u n d e r ta k e n  t o  p ro v id e  i n f o r m a t io n  on 
some o f  th e  above i s s u e s  by e x p lo r in g  s e l e c t e d  a s p e c t s  o f  cyanobac­
t e r i a l  m orphology and u l t r a s t r u c t u r e  t h a t  have  been  n e g le c t e d  a lm o s t  
e n t i r e l y  o v e r  th e  p a s t  t h i r t y  y e a r s .  Two in d e p en d e n t  and l a r g e l y  
u n r e l a t e d  i n v e s t i g a t i o n s  were c a r r i e d  o u t  i n  o r d e r  to  do t h i s .  The 
f i r s t  o f  t h e s e  in v o lv e d  th e  c o m p le te ,  t h r e e - d i m e n s i o n a l ,  u l t r a s t r u c t ­
u r a l  r e c o n s t r u c t i o n  o f  a  u n i c e l l u l a r  c y a n o b a c te r iu m  Agmenellum 
q u a d r u p l ic a tu m . The p u rp o se  o f  t h i s  p a r t i c u l a r  i n v e s t i g a t i o n  was 
f i v e f o l d :  ( i )  t o  d e te rm in e  f o r  th e  f i r s t  t im e  th e  com ple te  t h r e e -  
d im e n s io n a l  a r ran g em en t o f  s u b c e l l u l a r  f e a t u r e s  w i t h i n  a c y a n o b a c t e r i a l  
c e l l ,  ( i i )  t o  d e te rm in e  w h e th e r  s p e c i a l i z e d  i n c l u s i o n  b o d ie s  occupy 
s p e c i f i c  l o c a t i o n s  w i t h i n  th e  c e l l ,  ( i i i )  t o  d e te rm in e  th e  o v e r a l l  
a r ran g em en t  o f  th e  membranes i n  th e  p h o t o s y n t h e t i c  t h y l a k o id  sy s tem , 
( i v )  to  d e te rm in e  w h e th e r  th e  p h o t o s y n t h e t i c  membranes a r e  i n  any way 
a s s o c i a t e d  w i th  th e  c y to p la s m ic  membrane, and (v )  to  d e te rm in e  w h e th e r  
th e  d e t a i l e d  th r e e - d im e n s i o n a l  a r c h i t e c t u r e  o f  such an o rg an ism  i s  
c o n s i s t e n t  from one c e l l  t o  a n o t h e r .  The second  in d e p en d e n t  p o r t i o n  
o f  t h i s  s tu d y  in v o lv e d  a  d e t a i l e d  m o rp h o lo g ic a l  and u l t r a s t r u c t u r a l  
a n a l y s i s  o f  t h e  b r a n c h in g ,  f i l a m e n to u s ,  h e t e r o c y s t o u s  c y an o b a c te r iu m  
M a s t ig o c la d u s  l a m in o s u s . The p u rp o se  o f  t h i s  p a r t i c u l a r  i n v e s t i g a t i o n  
was t h r e e f o l d :  ( i )  t o  a n a ly z e  f o r  th e  f i r s t  t im e  th e  d e t a i l e d  u l t r a -
4s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  a b r a n c h in g ,  f i l a m e n to u s  c y an o b a c te r iu m  
so t h a t  th e y  c o u ld  be  compared t o  th o s e  o f  o t h e r ,  more f r e q u e n t l y  
s tu d i e d  c y a n o b a c t e r i a ,  ( i i )  t o  e l u c i d a t e  th e  d e t a i l e d  u l t r a s t r u c t u r a l  
c h a r a c t e r i s t i c s  o f  h e t e r o c y s t s  and th e  h e t e r o c y s t  d i f f e r e n t i a t i o n  
p ro c e s s  so  t h a t  th e y  c o u ld  be compared w i th  th o s e  o f  Anabaena s p e c i e s ,  
and ( i i i )  t o  examine t h e  mechanism by which h e t e r o c y s t  d i f f e r e n t i a t i o n  
i s  c o n t r o l l e d  in  t h i s  m o rp h o lo g ic a l ly  complex o rg a n ism .
The g e n e r a l  p u rp o se  o f  t h i s  e n t i r e  s tu d y  was to  b e t t e r  a s s e s s  
th e  d i v e r s i t y  and c o m p le x i ty  o f  m orphology and u l t r a s t r u c t u r e  in  th e  
c y a n o b a c te r i a ,  and t o  d e m o n s t ra te  how such a  t o p i c  can  be  e x p lo re d  
e f f e c t i v e l y  by u s in g  u n c o n v e n t io n a l  a p p ro a c h e s .  T h is  r e p o r t  d e s c r i b e s  
th e  r e s u l t s  o b ta in e d  w i th  such  a p p ro a ch e s  and i n d i c a t e s  how th o s e  
r e s u l t s  show t h a t  c y a n o b a c t e r i a  a r e  c o n s id e r a b ly  more s t r u c t u r a l l y  
d i v e r s e  and c o m p l ic a te d  th a n  p r e v i o u s l y  h a s  been  th o u g h t  to  be th e  
c a s e .
I . LITERATURE REVIEW
The C y a n o b a c te r ia :
C l a s s i f i c a t i o n  and G e n e ra l  U l t r a s t r u c t u r a l  C h a r a c t e r i s t i c s
C l a s s i f i c a t i o n
The c y a n o b a c te r i a  a r e  p h o to t r o p h ic  p r o k a r y o te s  t h a t  c a r r y  o u t  
a  form o f  o x y g en ic  p h o to s y n th e s i s  s i m i l a r  to  t h a t  o f  g r e e n . p l a n t s .
They have been  c l a s s i f i e d  i n t o  s e v e r a l  l a r g e  s u b g ro u p s ,  p r i m a r i l y  
on th e  b a s i s  o f  t h e i r  m o rp h o lo g ic a l  c h a r a c t e r i s t i c s  ( S t a n i e r  and 
C o h en -B az ire ,  1977). The c h ro o co ccacean  c y a n o b a c t e r i a  a r e  u n i c e l l ­
u l a r  ro d s  o r  s p h e r e s  t h a t  r e p ro d u c e  th ro u g h  b i n a r y  f i s s i o n . o r  budd­
in g .  M o rp h o lo g ic a l ly ,  t h e s e  a r e  th e  s im p le s t  c y a n o b a c te r i a  and th e  
ty p e  m ost s i m i l a r  to  t y p i c a l  n o n p h o to s y n th e t i c  e u b a c t e r i a .  The 
p le u r o c a p s a le a n  c y a n o b a c t e r i a  a r e  a l s o  u n i c e l l u l a r ,  b u t  th e y  ex ­
c r e t e  an e x t r a c e l l u l a r  m u c i la g e  t h a t  c a u se s  t h e i r  c e l l s  to  become 
cem ented t o g e t h e r  i n t o  c o l o n i a l  m asses  o r  a g g r e g a t e s .  The o s c i l l a -  
t o r i a n  c y a n o b a c t e r i a  c o n s i s t  o f  m u l t i c e l l u l a r , u n b ran ch ed , u n ta p e r e d  
f i l a m e n t s  t h a t  a r e  r e f e r r e d  to  a s  t r i c h o m e s .  H e te r o c y s t s  and a k i n e t e s  
( s e e  below) a r e  n o t  form ed i n  t h e s e  t r i c h o m e s .  The n o s to c a c e a n  
c y a n o b a c te r i a  a r e  m o r p h o lo g ic a l ly  s i m i l a r  to  th e  o s c i l l a t o r i a n  g ro u p ,  
e x c e p t  t h a t  c e r t a i n  c e l l s  w i t h i n  th e  f i l a m e n t s  may d i f f e r e n t i a t e  
i n t o  h e t e r o c y s t s  a n d /o r  a k i n e t e s .  The s t ig o n e m a ta le a n  c y a n o b a c t e r i a  
d i f f e r  from a l l  o t h e r  f i l a m e n to u s  ty p e s  i n  t h a t  th e y  have  th e  a b i l i t y  
to  d i v id e  i n  more th a n  one p l a n e ,  th e re b y  fo rm ing  t r u e  b ra n c h e s .  A l l  
s p e c ie s  b e lo n g in g  to  t h i s  group can  form h e t e r o c y s t s ,  w h i le  some may 
a l s o  form a k i n e t e s .  The scy to n em a tacean  c y a n o b a c te r i a  c o n s i s t  o f
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6m u l t i c e l l u l a r , u n t a p e r e d ,  h e t e r o c y s to u s  f i l a m e n t s  t h a t  p roduce  
f a l s e  b ra n c h e s .  F i n a l l y ,  th e  r i v u l a r i a c e a n  c y a n o b a c te r i a  have 
m u l t i c e l l u l a r ,  t a p e r e d ,  h e t e r o c y s to u s  f i l a m e n t s  t h a t  may o r  may 
n o t  form f a l s e  b ra n c h e s .
The U l t r a s t r u c t n r e  o f  V e g e ta t iv e  C e l l s
E x t e r n a l  F e a t u r e s . Most c y a n o b a c t e r i a  p ro d u ce  e x t r a c e l l u l a r  
s l im e  l a y e r s  o r  g ly c o c a ly c e s  t h a t  a r e  d e p o s i t e d  on th e  o u t e r  s u r f ­
ace  o f  th e  c e l l  e n v e lo p e .  The p r e c i s e  d i s t i n c t i o n  betw een  a  s l im e  
l a y e r  and a  g ly c o c a ly x  i s  n o t  e n t i r e l y  c l e a r  b eca u se  th e  two te rm s 
have n o t  been  used  c o n s i s t e n t l y  i n  t h e  l i t e r a t u r e  ( S t a n i e r  and 
C o h en -B az ire ,  1977). S lim e l a y e r s  a r e  g e n e r a l l y  c o n s id e r e d  to  be 
t h i n ,  u n s t r u c t u r e d  c o a t s  t h a t  s u r ro u n d  th e  c e l l s  and a r e  composed 
o f  p o ly s a c c h a r id e  (Fogg e t  a l . ,  1973; S t a n i e r  e t  a l . , 1971). T h e ir  
a c t u a l  c h em ica l  c o m p o s i t io n  i s  n o t  known, however ( S t a n i e r  and 
C o h en -B az ire ,  1977). G ly c o ca ly c es  c l e a r l y  c o n ta i n  p o ly s a c c h a r id e  
b eca u se  th e y  a r e  s t a i n e d  by ru th e n iu m  r e d .  They c o n s i s t  of an ex ­
t r a c e l l u l a r  ne tw ork  o f  s m a l l ,  random ly  a r r a y e d  f i b r i l s .  I t  has  been  
s u g g e s te d  t h a t ,  among o t h e r  t h i n g s ,  g ly c o c a ly c e s  a r e  in v o lv e d  w i th  
th e  a t ta c h m e n t  o f  m ic ro o rg a n ism s  to  s u r f a c e s .
C e l l  Membrane and E n v e lo p e . A l l  c y a n o b a c te r i a  p o s s e s s  a  Gram- 
n e g a t i v e  c e l l  e n v e lo p e  ( A l le n ,  1968b; B u t l e r  and A l ls o p p ,  1972;
Edwards e t  a l . ,  1968; J o s t ,  1965) w i th  b a s i c  u l t r a s t r u e t u r a l  and 
ch em ica l c h a r a c t e r i s t i c s  t h a t  a r e  a lm o s t  i d e n t i c a l  to  th o s e  o f  c e l l  
e n v e lo p e s  i n  o th e r  G ram -n eg a t iv e  p r o k a r y o te s  (C o s te r to n  e t  a l . , 1974). 
The c e l l  en v e lo p e  i s  composed o f  t h r e e  l a y e r s  (E c h l in  and M o r r is ,
71965; Ingram e t  a l . , 1972b). The in n e rm o s t  l a y e r  i s  th e  c y t o p l a s ­
mic membrane o r  th e  plasmalemma. From a f u n c t i o n a l  s t a n d p o i n t ,  
t h i s  may be th e  most im p o r ta n t  component o f  th e  en v e lo p e  b e ca u se  
i t  i s  b o th  an o sm o tic  b a r r i e r  and a c e n t e r  o f  m e ta b o l i c  a c t i v i t y .
I t  i s  e s t i m a te d  to  be 7-10 nm t h i c k  and has  a d o u b le - t r a c k e d  
a p p ea ra n ce  i n  t h i n  s e c t i o n s  ( E c h l in ,  1963; P a n k ra tz  and Bowen,
1963). The c y to p la sm ic  membrane i s  e s s e n t i a l l y  a p h o s p h o l ip id  
b i l a y e r  t h a t  i n c lu d e s  a  l a r g e  number o f  s t r u c t u r a l  and f u n c t i o n a l  
p r o t e i n s .  The m id d le  l a y e r  o f  th e  c e l l  en v e lo p e  s u r ro u n d s  th e  
c y to p la sm ic  membrane and i s  c a l l e d  th e  p e p t id o g ly c a n  l a y e r .  T h is  
e l e c t r o n - d e n s e  s t r u c t u r e  i s  c o n s id e r a b ly  t h i c k e r  i n  c y a n o b a c te r i a  
th a n  i t  i s  i n  m ost o t h e r  G ram -nega tive  b a c t e r i a ,  v a r y in g  i n  w id th  
from 1-10 nm (Drews and W eckesser ,  1982). I t s  r i g i d i t y  i s  r e s p o n ­
s i b l e  f o r  m a in ta in in g  th e  shape  o f  th e  c e l l ,  w h i le  i t s  s t r e n g t h  
h e lp s  t o  p r e v e n t  c e l l  l y s i s .  The o u te rm o s t  l a y e r  o f  th e  c e l l  en ­
v e lo p e  i s  th e  LPS l a y e r  o r  t h e  o u te r  membrane. In  t h i n  s e c t i o n s ,  
i t  has  a  d o u b le - t r a c k e d  a p p ea ra n ce  and r a n g e s  from 7-10 nm i n  w id th .  
I t s  c h em ica l  c o m p o s i t io n  i s  complex and in c lu d e s  p r o t e i n s ,  phospho­
l i p i d s ,  and l i p o p o l y s a c c h a r i d e  o l ig o m e rs .  The o u t e r  membrane i s  
u s u a l l y  s e p a r a te d  from th e  p e p t id o g ly c a n  l a y e r  by an e l e c t r o n -  
t r a n s p a r e n t  sp ace  ( B u t l e r  and A l ls o p p ,  1972) o r  p e r ip l a s m ic  r e g io n  
(C o s te r to n  e t  a l . ,  1974).
The c e l l  e n v e lo p e s  o f  some c y a n o b a c t e r i a  in c lu d e  an a d d i t i o n a l  
l a y e r  t h a t  i s  u s u a l l y  r e f e r r e d  to  as  a " s h e a t h " .  S h ea th s  a r e  ex ­
t e r n a l  to  th e  o u t e r  membrane and have a f i b r i l l a r  a p p e a ra n c e  i n  
t h i n  s e c t i o n s .  They a r e  composed o f  p e c t i c  a c id s  and mucopoly­
s a c c h a r i d e s  (Dunn and Wolk, 1970). S h ea th s  d i f f e r  from  s l im e  l a y e r s
8o r  g ly c o c a ly c e s  i n  t h a t  th e y  have  a  more o r g a n iz e d  s u b s t r u c t u r e  and 
a r e  much d e n s e r .  They a r e  th o u g h t  to  p r o t e c t  c e l l s  from d r y in g  a n d ,  
i n  some s p e c i e s ,  may be in v o lv e d  i n  th e  p r o c e s s  o f  g l i d i n g  m o t i l i t y  
(C a s te n h o lz ,  1973; Drews and N u l t s c h ,  1962). S h ea th s  a r e  known to  
o c cu r  i n  b o th  u n i c e l l u l a r  and f i l a m e n to u s  c y a n o b a c te r i a  (Lamont,
1969; Leak,, 1967; T h u rs to n  and Ingram , 1971).
T h y lak o id s  and R e la te d  S t r u c t u r e s . E xcep t f o r  G lo e o b a c te r  
v io l a c e u s  (G u g lie lm i e t  a l . , 1981), a l l  c y a n o b a c t e r i a  examined to  
d a te  c o n ta i n  a  complex system  o f  membranes c a l l e d  t h y l a k o i d s .  These 
t h y l a k o id s  a r e  p ro b a b ly  th e  most im p o r ta n t  i n t e r n a l  f e a t u r e  o f  th e  
c y a n o b a c t e r i a l  c e l l ,  b eca u se  th e y  house th e  p h o t o s y n t h e t i c  a p p a r a tu s  
t h a t  a l lo w s  th e  c e l l  to  p ro d u ce  en erg y  from l i g h t .  C y a n o b a c te r ia l  
t h y l a k o id s  a c t u a l l y  c o n s i s t  o f  two co m p le te  l i p i d - b i l a y e r  membranes 
t h a t  a r e  p a i r e d  t o g e t h e r .  The two membranes a r e  n o rm a l ly  c l o s e l y  
apposed  to  one a n o t h e r ,  b u t  i n  some i n s t a n c e s ,  th e y  may s p l i t  a p a r t  
to  p ro d u ce  s t r u c t u r e l e s s  v a c u o l e - l i k e ' a r e a s . T h is  i s  u s u a l l y  r e f e r r e d  
to  i n t r a t h y l a k o i d a l  v e s i c u l a t i o n  (Lang and W h it to n ,  1973). F a c to r s  
most f r e q u e n t l y  a s s o c i a t e d  w i th  t h e  fo r m a t io n  o f  i n t r a t h y l a k o i d a l  
v e s i c l e s  i n c lu d e  u n f a v o r a b le  g row th  c o n d i t i o n s  (S ch iew er and J o n a s ,  
1977; W h it to n  and P e a t ,  1969) and a g in g  o f  c u l t u r e s  (B o u s e f ie ld  and 
P e a t ,  1976; K ats  e t  a l . ,  1979; Lang and Rae, 1967; P a ran  e t  a l . ,
1971; Smith and P e a t ,  1967).
The p r im a ry  f u n c t i o n  o f  c y a n o b a c t e r i a l  t h y la k o id s  i s  to  s e r v e  
a s  th e  l o c a t i o n  o f  th e  p h o t o s y n t h e t i c  a p p a r a tu s  ( S t a n i e r  and Cohen- 
B a z i r e ,  1977). However, b io c h e m ic a l  and c y t o l o g i c a l  d a t a  have  i n d i ­
c a te d  t h a t  a  number o f  im p o r ta n t  c e l l u l a r  components n o t  d i r e c t l y
9a s s o c i a t e d  w i th  p h o t o s y n t h e t i c  r e a c t i o n s  may a l s o  be l o c a t e d  s p e c i f ­
i c a l l y  on th e  t h y l a k o id  membranes ( B i s a l p u t r a  e t  a l . ,  1969; P e t e r s ,  
1975; S t a e h e l i n  e t  a l . ,  197 8 ).  These components i n c lu d e  r e s p i r a t o r y  
a n d /o r  h y d ro g en ase  enzyme system s t h a t  would be c a p a b le  o f  s h a r in g  
c e r t a i n  en zy m atic  e le m e n ts  w i th  th e  p h o t o s y n t h e t i c  pa thw ay . U l t r a -  
s t r u c t u r a l  s t u d i e s  have s u g g e s te d  o th e r  n o n p h o to s y n th e t i c  f u n c t i o n s  
f o r  c y a n o b a c t e r i a l  t h y l a k o i d s ,  in c lu d in g  c o m p a r tm e n ta l i z a t io n  o f  th e  
c e n t r a l  cy to p la sm  (Lang and W h itto n ,  1973), c o n t r o l  o f  t r a n s p o r t  
i n t o  o r  o u t  o f  th e  c e n t r a l  cy to p la sm  (P e a t  and W h it to n ,  1967), and 
d i s t r i b u t i o n  o f  n u c l e a r  m a t e r i a l  d u r in g  c e l l  d i v i s i o n  (Beams and 
K e s s e l ,  1977).
The o u t e r  s u r f a c e s  o f  th e  th y la k o id  membranes u s u a l l y  a r e  c o a t ­
ed w i th  p h y c o b i l iso m e s  (Edwards and G a n t t ,  1971; G an tt  and C o n t i ,  
1966; S t a n i e r  and C o h en -B a z ire ,  1977). P h y c o b il iso m es  a r e  s u p r a -  
m o le c u la r  p igm en t a g g r e g a t e s  t h a t  a r e  composed p r i m a r i l y  o f  p h y co -  
b i l i p r o t e i n s  such  a s  phy co cy an in  and p h y c o e r y th r in .  These s t r u c t ­
u r e s  a r e  somewhat l a r g e r  th a n  r ib o so m es  (ab o u t  40 nm i n  d ia m e te r )  
and s e r v e  a s  th e  p r im ary  l i g h t - g a t h e r i n g  a n ta n n a e  f o r  p h o to s y n th e s i s  
(G a n t t ,  1981). D e ta i l e d  u l t r a s t r u c t u r a l  s t u d i e s  have  shown t h a t  
c y a n o b a c t e r i a l  p h y c o b i l is o m e s  a r e  h e m is p h e r i c a l  p a r t i c l e s .  They 
c o n s i s t  o f  a  m o r p h o lo g ic a l ly  d i s t i n c t  c o re  su r ro u n d e d  by a s e m ic i r c u ­
l a r  a r r a y  o f  ro d s  t h a t  a r e  made up o f  s ta c k e d  d i s k s  (G a n t t ,  1981; 
G la z e r  e t  a l . , 1979; L u n d e l l  e t  a l . ,  1981).
C y top lasm . C y a n o b a c te r ia l  c e l l s  o f t e n  a p p e a r  to  c o n s i s t  o f  
two d i s t i n c t  i n t e r n a l  r e g io n s  t h a t  a r e  n o t  a c t u a l l y  s e p a r a t e d  by any 
s t r u c t u r a l  b o u n d ary .  These a r e  t h e  c e n t r a l  c y to p la sm ic  r e g io n  and
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th e  p e r i p h e r a l  t h y l a k o id  r e g io n .  The p e r i p h e r a l  th y l a k o id  r e g io n  
c o n ta i n s  p r i m a r i l y  th e  p h o t o s y n t h e t i c  th y la k o id  system  and i t s  r e ­
l a t e d  s t r u c t u r e s .  The c e n t r a l  c y to p la s m ic  r e g io n  c o n ta i n s  m ost o f  
th e  n u c l e a r  m a t e r i a l  and r ib o so m es  i n  th e  c e l l .  The fo rm er  a p p ea rs  
i n  t h i n  s e c t i o n s  as  a  ne tw ork  o f  sm a l l  f i b r i l s  o r  s t r a n d s  (Fogg e t  
a l . ,  1973 ), w h i le  t h e  l a t t e r  a r e  e l e c t r o n - d e n s e  s p h e r i c a l  s t r u c t ­
u r e s  a p p ro x im a te ly  10-15 nm i n  d ia m e te r .  N u c lea r  s t r a n d s  and r i b o ­
somes a r e  o f t e n  i n t e r s p e r s e d  w i th  each  o th e r  th ro u g h o u t  th e  e n t i r e  
c e n t r a l  c y to p la sm .  In  m ost c a s e s ,  n e i t h e r  a r e  found i n  th e  p e r i p h ­
e r a l  t h y l a k o id  r e g io n  (Edwards e t  a l . ,  1968; Fogg e t  a l . , 1973; R is  
and S in g h , 1961).
S p e c i a l i z e d  I n c l u s i o n  B o d ie s . C y a n o b a c te r ia l  c e l l s  may con­
t a i n  a  v a r i e t y  o f  i n t r a c e l l u l a r  i n c l u s i o n  b o d ie s  (S h iv e ly ,  1974), 
each  o f  w hich h as  a  s p e c i f i c  f u n c t i o n  and ch em ica l c o m p o s i t io n .
Some o f t h e s e  i n c l u s i o n  b o d ie s  a r e  found o n ly  i n  c y a n o b a c te r i a ,  
w h i le  some o c c u r  i n  o t h e r  ty p e s  o f  b a c t e r i a  as w e l l .  The m ost f r e q ­
u e n t l y  e n c o u n te re d  c y a n o b a c t e r i a l  i n c l u s i o n  b o d ie s  a r e  d e s c r ib e d  
below .
Carboxysomes ( fo rm e r ly  c a l l e d  " p o ly h e d r a l  b o d ie s " )  have  been  
o b se rv ed  i n  a l l  ty p e s  o f  c y a n o b a c te r i a  (Lang, 1968; Wolk, 197 3 ),  as 
w e l l  a s  i n  s e v e r a l  o t h e r  g roups  of ch em o a u to tro p h ic  b a c t e r i a  
( S h iv e ly ,  1974). They a r e  a lw ays p r e s e n t  i n  v e g e t a t i v e  c e l l s  
(S te w a r t  and Codd, 197 5 ),  r e g a r d l e s s  o f  th e  c u l t u r a l  c o n d i t i o n s  
( i . e . ,  w h e th e r  th e  c e l l s  a r e  grown p h o t o a u t o t r o p h i c a l l y , p h o to h e te r o -  
t r o p h i c a l l y ,  o r  c h e m o h e t e r o t r o p h i c a l l y ) . In  c o n t r a s t ,  carboxysom es 
a r e  n e v e r  p r e s e n t  i n  h e t e r o c v s t s  (D oh ler e t  a l . ,  1981; Leak and
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W ilson , 1965). They a r e  o f  medium e l e c t r o n  d e n s i t y ,  have  a  p o ly ­
g o n a l  sh ap e ,  a r e  su r ro u n d e d  by an e l e c t r o n - d e n s e  n o n u n i t  membrane 
(Edwards e t  a l . , 1968; J e n s e n ,  1980; S t a n i e r  and C o h en -B az ire ,
1977 ), and ra n g e  from 100-500 nm i n  d ia m e te r  (L an a ras  and Codd,
1981; Van E y k e len b u rg ,  1979). T h e i r  e x a c t  a p p ea ra n ce  i n  t h i n  
s e c t i o n s  i s  d e p en d en t upon th e  f i x a t i o n  p ro c e d u re  used  to  p r e p a r e  
th e  c e l l s  f o r  t h i n  s e c t i o n i n g  (P a n k ra tz  and Bowen, 1963; Wolk,
1973). Carboxysomes a r e  hom ogeneously g ray  a f t e r  f i x a t i o n  w i th
0 s 0 , , w hereas  th e y  a p p e a r  to  be more t e x t u r e d  o r  f i b r i l l a t e  a f t e r  
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f i x a t i o n  w i th  KMnO . R e c e n t ly ,  i t  has  been d e te rm in e d  t h a t  cyano-
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b a c t e r i a l  carboxysom es a r e  s t o r a g e  b o d ie s  t h a t  c o n ta i n  th e  enzyme 
r i b u l o s e  b i s p h o s p h a te  c a r b o x y la s e  (L an a ras  and Codd, 1981). S ince  
t h i s  enzyme c a r r i e s  o u t  th e  f i r s t  s t e p  i n  th e  a s s i m i l a t i o n  o f  a tm os­
p h e r i c  CO2  v i a  th e  C a lv in  C y c le ,  i t  h a s  been  s u g g e s te d  t h a t  c a rb o x y ­
somes a l s o  p la y  a  d i r e c t  r o l e  i n  CC  ^ f i x a t i o n  (Beudeker and Kuenen, 
1981).
P o ly p h o sp h a te  b o d ie s ,  which were o r i g i n a l l y  term ed m e ta ch ro m a tic  
o r  v o l u t i n  g r a n u le s  ( F r i t s c h ,  1945 ), o c cu r  f r e q u e n t l y  i n  cyanobac­
t e r i a l  c e l l s  ( J e n s e n ,  1968; Lang, 1968). These e l e c t r o n - d e n s e  
b o d ie s  a r e  s p h e r i c a l  o r  o v a l  i n  shape  and ra n g e  from 100 to  500 nm 
i n  d ia m e te r  (depend ing  upon th e  c u l t u r a l  c o n d i t i o n s  and th e  s p e c i e s ) . 
When v iew ed w i th  th e  e l e c t r o n  m ic ro s c o p e ,  p o ly p h o sp h a te  b o d ie s  some­
tim e s  a p p e a r  " m o t t le d "  o r  " h o le y "  b eca u se  th e y  a r e  d i f f i c u l t  to  
p r e s e r v e  and ten d  to  e v a p o r a te  i n  th e  e l e c t r o n  beam (Wolk, 1973). 
Because th e y  a r e  composed o f  lo n g  po lym ers  o f  p h o s p h a te ,  th e  fo r m a t­
io n  o f  p o ly p h o sp h a te  b o d ie s  i s  d e p en d en t  on t h e  a v a i l a b i l i t y  o f  exo­
genous p h o sp h a te  ( J e n s e n ,  1968, 1969; J en se n  e t  a l . ,  1977; P a n k ra tz
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and Bowen, 1963). The p r im ary  f u n c t io n  of t h e s e  i n c l u s i o n s  i s  b e ­
l i e v e d  to  be phosphorous  s t o r a g e ,  a l th o u g h  th e y  may a l s o  s e r v e  to  
s t o r e  energy  (S h iv e ly ,  1974).
Cyanophycin g r a n u le s  ( fo rm e r ly  c a l l e d  " s t r u c t u r e d  g r a n u le s " )  
have been o b se rv ed  i n  a l l  c y a n o b a c t e r i a l  g roups  (Lang, 1968), b u t  
n o t  i n  any o th e r  ty p e s  of b a c t e r i a  ( S h iv e ly ,  1974 ). They a r e  some­
tim es  p r e s e n t  i n  v e g e t a t i v e  c e l l s , b u t  a r e  e s p e c i a l l y  numerous and 
p ro m in en t  i n  a k i n e t e s .  Cyanophycin g r a n u le s  a r e  n o t  membrane- 
bound and th e y  have an i r r e g u l a r ,  s p h e r o i d a l  m orphology. T h e ir  
d ia m e te r s  ra n g e  from 0 .5  to  1 .0  pm i n  v e g e t a t i v e  c e l l s  and from 0 .5  
to  1 .7  pm i n  a k i n e t e s  (Lang, 1968; Lang e t  a l . ,  1972). Cyanophycin 
g r a n u le s  have a  d i s t i n c t  s u b s t r u c t u r e  i n  t h i n  s e c t i o n s  o f  p r o p e r l y  
f i x e d  c e l l s  (A lle n  and W ea th e rs ,  1980; Khan and Godward, 1978;
Lang and F i s h e r ,  1969; Lang e t  a l . ,  1972). They a r e  w e l l  p r e s e r v e d  
w i th  g lu ta ra ld e h y d e -O sO ^  f i x a t i o n s ,  b u t  may be d i s s o l v e d  and l o s t  
e n t i r e l y  d u r in g  KMnO  ^ f i x a t i o n s  (Lang and F i s h e r ,  1969; Leak and 
W ilson , 1965; L e f o r t ,  1960). Simon (1977) h a s  d e te rm in e d  t h a t  
cyanophycin  g r a n u le s  c o n s i s t  o f  2 5 ,0 0 0 -1 0 0 ,0 0 0  d a l t o n  p o ly p e p t id e s  
t h a t  c o n ta i n  a r g i n i n e  and a s p a r t i c  a c id  i n  a 1:1 r a t i o .  The g ra n ­
u l e s  a ccu m u la te  i f  exogenous n i t r o g e n  i s  abundan t b u t  p r o t e i n  syn­
t h e s i s  i s  r e s t r i c t e d  (Simon, 1973). Hence, th e y  s t o r e  combined 
n i t r o g e n  and s e r v e  as  a  n i t r o g e n o u s  r e s e r v e  compound.
L ip id  b o d ie s  ( o r i g i n a l l y  c a l l e d  " ^ - g r a n u l e s " ;  P a n k ra tz  and 
Bowen, 1963) a r e  s m a l l ,  s p h e r i c a l ,  e l e c t r o n - d e n s e  i n c l u s i o n  b o d ie s  
t h a t  a r e  presumed to  c o n ta i n  l i p i d .  T h is  p re su m p tio n  i s  based  
s o l e l y  on t h e i r  r e a c t i o n  w i th  OsO^ and h as  n e v e r  been  con firm ed
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w ith  ch em ica l  a n a l y s e s .  L ip id  b o d ie s  a p p e a r  i n  many ty p e s  o f  cyano­
b a c t e r i a ,  u s u a l l y  i n  a s s o c i a t i o n  w i th  th e  p h o t o s y n t h e t i c  th y la k o id  
membrane sy s tem . They have been  ig n o re d  by m ost i n v e s t i g a t o r s  b e ­
cau se  t h e i r  f u n c t i o n  ( i f  any) i s  unknown (Wolk, 1973).
U l t r a s t r u c t u r e  of S p e c i a l i z e d  C e l l s
H e t e r o c y s t s . Many o f  th e  f i l a m e n to u s  c y a n o b a c t e r i a ,  o f  w hich 
th e  genus Anabaena i s  th e  m ost w id e ly  s t u d i e d  exam ple, can  form 
h ig h ly  s p e c i a l i z e d  c e l l s  c a l l e d  h e t e r o c y s t s  when th e y  a r e  grown i n  
th e  absen ce  o f  combined n i t r o g e n  (Adams and C a r r ,  1981; H a se lk o rn ,
1978). Under a e r o b ic  c o n d i t i o n s ,  th e s e  s p e c i a l i z e d  c e l l s  f u n c t i o n  
as th e  e x c lu s iv e  s i t e s  f o r  n i t r o g e n  f i x a t i o n  (Fay e t  a l . ,  1968; 
H a se lk o rn ,  1978). H e te r o c y s t s  a r i s e  when c e r t a i n  v e g e t a t i v e  c e l l s  
w i th in  a f i l a m e n t  undergo  a  complex s e r i e s  o f  b io c h e m ic a l  and u l t r a -  
s t r u c t u r a l  ch an g e s .  As a  r e s u l t  o f  t h e s e  c h an g e s ,  h e t e r o c y s t s  a r e  
p h y s i o l o g i c a l l y  and u l t r a s t r u c t u r a l l y  d i s t i n c t  from v e g e t a t i v e  c e l l s .  
The m ajo r p h y s i o l o g i c a l  d i f f e r e n c e s  in c lu d e  ( i )  th e  ab sen ce  o f a 
f u n c t i o n a l  p h o to sy s te m  I I  and a s s o c i a t e d  r e a c t i o n s  (B ra d le y  and C a r r ,  
1971; Donze e t  a l . ,  1972; T e l-O r  and S te w a r t ,  197 7 ),  ( i i )  t h e  ab ­
sen ce  o f  C C ^ -f ix in g  a c t i v i t y ,  in c lu d in g  th e  p o s s i b l e  ab sen ce  o f  
r i b u l o s e  b i s p h o s p h a te  c a r b o x y la s e  (Codd e t  a l . ,  1980; S te w a r t  and 
Codd, 1975; Winkenbach and Wolk, 1973), and ( i i i )  t h e  p re s e n c e  o f  
an a c t i v e  n i t r o g e n a s e  system  ( P e te r s o n  and Wolk, 1978).
The u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  h e t e r o c y s t s  have  been  
e l u c i d a t e d  w i th  t r a n s m is s io n  e l e c t r o n  m ic ro sco p y  (K u la s o o r iy a  e t  
a l . ,  1972; Fay, 1969; Lang and Fay, 1971; W hitton  and P e a t ,  1967;
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W ilcox e t  a l . ,  1973b; Wildon and M erce r ,  1963). Most h e t e r o c y s t s  
have t h r e e  e x t r a  w a l l  l a y e r s  t h a t  a r e  n o t  found i n  v e g e t a t i v e  
c e l l s .  These in c lu d e  a  la m in a te d  l a y e r ,  a  homogeneous l a y e r ,  and 
a  f i b r o u s  l a y e r  (Fay , 1973; S t a n i e r  and C o h en -B az ire ,  197 7 ) .  The 
f u n c t i o n  o f  t h e s e  e x t r a  w a l l  l a y e r s  i s  n o t  known, b u t  i t  has  been  
s u g g e s te d  t h a t  th e y  s e r v e  to  keep  oxygen o u t  o f  th e  c e l l  i n  o r d e r  
to  p r o t e c t  th e  n i t r o g e n a s e  sy s tem  (H a se lk o rn ,  1978). At one o r  
b o th  ends o f  th e  h e t e r o c y s t s ,  th e  c e l l  body t a p e r s  to  form  a "neck"  
( C a r r ,  1979) o r  "p o re  c h a n n e l"  (Lang and Fay , 1971). T h is  s p e c i a l ­
i z e d  s t r u c t u r e  l e a d s  to  th e  a d j a c e n t  v e g e t a t i v e  c e l l  i n  th e  f i l a ­
ment and may somehow be r e s p o n s i b l e  f o r  c o n t r o l l i n g  th e  t r a n s p o r t  
o f  s u b s ta n c e s  betw een  th e  two c e l l s  (H a se lk o rn ,  1978). W ith in  th e  
n e c k ,  t h e r e  i s  u s u a l l y  a  g r a n u le  o r  " p lu g "  t h a t  i s  presum ed to  be 
an a c c u m u la t io n  o f  cy anophyc in  (Fogg, 1951; Simon, 1971). A lthough  
a  s p e c i f i c  f u n c t i o n  has  n o t  been  a s c r i b e d  to  th e  p lu g ,  s e v e r a l  r e ­
s e a r c h e r s  have  s u g g e s te d  t h a t  i t  may a l s o  be in v o lv e d  w i th  c o n t r o l l ­
in g  th e  p a s s a g e  o f  compounds betw een h e t e r o c y s t s  and a d j a c e n t  v e g e ­
t a t i v e  c e l l s .  The h e t e r o c y s t  c y to p la sm  c o n ta i n s  a  complex system  
o f  membranes. T h is  sy s tem  in c lu d e s  s t a c k s  o r  b u n d le s  o f  membranes 
( o f t e n  n e a r  th e  n e c k s )  and f rag m e n ts  o f  th y la k o id  membranes 
(K u la s o o r iy a  e t  a l . ,  1972; Lang, 1965; W ilcox e t  a l . ,  1973b).
None o f  th e  i n c l u s i o n  b o d ie s  u s u a l l y  found i n  v e g e t a t i v e  c e l l s  
(above) a r e  p r e s e n t  i n  h e t e r o c y s t s  (K u la s o o r iy a  e t  a l . ,  1972; Lang, 
1965; Lang and Fay, 1971). R ibosom al and n u c l e i c  a c id  c o n te n t s  o f  
h e t e r o c y s t s  a r e  much low er th a n  th o s e  o f  v e g e t a t i v e  c e l l s  (Fogg e t  
a l . ,  1973). C o n se q u e n tly ,  th e  h e t e r o c y s t  i s  t r u l y  a s p e c i a l i z e d
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c e l l  in  r e g a r d  t o  b o th  i t s  s t r u c t u r e  and i t s  b io c h e m ic a l  f u n c t i o n s .
I t  i s  im p o r ta n t  to  r e a l i z e ,  how ever, t h a t  a l l  o f  th e  d e t a i l e d  s tu d ­
i e s  on h e t e r o c y s t  u l t r a s t r u c t u r e  t o  d a te  have in v o lv e d  o n ly  a  few 
s p e c i e s  o f  Anabaena and N o s to c . I t  i s  n o t  y e t  known w h e th e r  th e  
u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  h e t e r o c y s t s  formed by o t h e r  cyano­
b a c t e r i a  a r e  i d e n t i c a l  o r  even  s i m i l a r  to  th o s e  seen  i n  t h e s e  two 
g e n e r a .
A k i n e t e s . A k in e t e s ,  which s e r v e  as  r e s t i n g  c e l l s  i n  cyano­
b a c t e r i a ,  have  been  o b se rv e d  f r e q u e n t l y  i n  some members o f  th e  
n o s to c a c e a n ,  r i v u l a r i a c e a n ,  and s t ig o n e m a ta le a n  g roups  ( f o r  r e v ie w s ,  
see  Adams and C a r r ,  1981; N ic h o ls  and C a r r ,  1978). The u l t r a s t r u c t ­
u r a l  c h a r a c t e r i s t i c s  t h a t  d i s t i n g u i s h  t h e s e  s p e c i a l i z e d  c e l l s  from 
v e g e t a t i v e  c e l l s  have b een  d e s c r ib e d  in  a  number o f  e l e c t r o n  m ic ro ­
s c o p i c a l  s t u d i e s  (C la rk  and J e n s e n ,  1969; J e n s e n  and C la r k ,  1969;
Leak and W ilso n , 1965; M i l l e r  and Lang, 1968; Wildon and M erce r ,
1963). They in c lu d e  ( i )  f o r m a t io n  o f  a t h i c k ,  m u l t i l a y e r e d  e x t e r n a l  
e n v e lo p e  and ( i i )  a c c u m u la t io n  o f  l a r g e  amounts o f  c y an o p h y c in .  
A k in e te s  a r e  a l s o  c o n s id e r a b ly  lo n g e r  and w id e r  th a n  v e g e t a t i v e  c e l l s .  
They u s u a l l y  s t a r t  to  form d u r in g  th e  t r a n s i t i o n  betw een  th e  l o g a r i t h ­
mic and s t a t i o n a r y  grow th p h ase s  o f  b a tc h  c u l t u r e s  ( S t a n i e r  and Cohen- 
B a z i r e ,  1977). The u l t r a s t r u c t u r a l  and ch em ica l  changes  t h a t  ta k e  
p la c e  d u r in g  d i f f e r e n t i a t i o n  b e s to w  upon t h e s e  c e l l s  th e  a b i l i t y  t o  
s u r v iv e  t e m p o r a r i l y  u n d e r  a d v e r s e  c o n d i t i o n s .  When c o n d i t i o n s  im­
p ro v e ,  a k i n e t e s  can  g e rm in a te  to  form new v e g e t a t i v e  c e l l s .  The con­
t r o l  mechanisms t h a t  r e g u l a t e  a k in e t e  fo rm a t io n  and g e rm in a t io n  a re  
c u r r e n t l y  u n d e r  i n v e s t i g a t i o n .
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A sp e c ts  of T h ree -D im e n s io n a l  U l t r a s t r u c t u r e  In
C y a n o b a c te r ia
Background
The u l t r a s t r u c t u r e  o f  c y a n o b a c te r i a  h a s  been  s tu d i e d  e x t e n s i v e l y  
and much i s  known ab o u t  t h e i r  b a s i c  s u b c e l l u l a r  f e a t u r e s ,  t h e  s t r u c t ­
u r a l  d i f f e r e n c e s  among t h e  v a r i o u s  g e n e ra  and g ro u p s ,  and t h e  e f f e c t s  
o f  e n v i ro n m e n ta l  f a c t o r s  on i n t e r n a l  s t r u c t u r e s  ( f o r  r e v ie w s ,  s e e  
Lang, 1968; S t a n i e r  and C o h e n -B a z ire ,  1977; Wolk, 1973). L i t t l e  i s  
known, how ever, abou t how t h e  u l t r a s t r u c t u r a l  f e a t u r e s  o f  c y a n o b a c te r ­
i a  a r e  a r r a n g e d  t h r e e - d i m e n s i o n a l l y  w i th in  t h e  c e l l .  Most s p e c u l a t i o n s  
c o n c e rn in g  t h e  t h r e e - d i m e n s i o n a l  a r c h i t e c t u r e  o f  t h e s e  o rgan ism s  have 
come ab o u t th ro u g h  e x t r a p o l a t i o n  o f  t h e  in f o r m a t io n  in  random ly  c u t ,  
i n d i v i d u a l  t h i n  s e c t i o n s .  T h e re  have  been no r e p o r t s  d e s c r i b i n g  t h r e e -  
d im e n s io n a l  r e c o n s t r u c t i o n s  o f  e n t i r e  c y a n o b a c t e r i a l  c e l l s  by s e r i a l  
s e c t i o n i n g  o r  any  o t h e r  a p p ro a c h .  R e c o n s t r u c t io n s  o f  t h i s  ty p e  a r e  
n e e d e d ,  how ever, b e c a u s e  th e y  ( i )  would e l i m i n a t e  t h e  need  f o r  e x t r a p o ­
l a t i o n ,  ( i i )  can  r e s o l v e  a  number of u n c e r t a i n  i s s u e s  in  r e g a rd  to  
c y a n o b a c t e r i a l  u l t r a s t r u c t u r e ,  and ( i i i )  may l e a d  t o  a  b e t t e r  u n d e r ­
s t a n d in g  o f s t r u c t u r e - f u n c t i o n  r e l a t i o n s h i p s  in  t h e  c y a n o b a c t e r i a l  
c e l l .
S p e c i f i c  C o n s id e r a t io n s
F undam enta l Arrangem ent o f  t h e  T h y lak o id  System . The fundam ent­
a l  way in  w hich t h e  e n t i r e  system  of t h y l a k o id s  i s  a r r a n g e d  w i th in  t h e  
c y a n o b a c t e r i a l  c e l l  rem a in s  u n c l e a r ,  d e s p i t e  num erous s t u d i e s  t h a t  
have  a t te m p te d  t o  a s c e r t a i n  t h i s  in f o r m a t io n  in  d i f f e r e n t  c y a n o b a c te r -
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i a l  g ro u p s .  Some i n v e s t i g a t o r s  have r e p o r t e d  t h a t  t h y l a k o id s  o c cu r  
as  g roups  o f  in d ep en d en t  d i s k s  o r  f l a t t e n e d  s a c s  ( E s c h l i n ,  1964b; 
Edwards e t  a l . ,  1968; H o l t  and Edw ards, 1972; Lang and W h it to n ,  1973), 
w h i le  o t h e r s  have  d e s c r ib e d  them as  c o n c e n t r i c  s p h e r e s ,  c y l i n d e r s ,  
o r  u n s p e c i f i e d  s t r u c t u r e s  ( A l le n ,  1968a; B a u l in a  e t  a l . ,  1981; Chang, 
1980; Rippka e t  a l . ,  1974; S t a n i e r  and C o h en -B a z ire ,  1977). More 
r e c e n t l y ,  th e  th y la k o id  sy s tem  was d e s c r ib e d  by G o leck i  and Drews 
(1982) as "an  an as to m o s in g  ne tw o rk  o f  c o n c e n t r i c  s h e l l s . "  I t  i s  
p ro b a b le  t h a t  t h y l a k o id  membrane system s d i f f e r  to  some e x t e n t  in  
d i f f e r e n t  c y a n o b a c t e r i a l  g ro u p s ,  b u t  i t  seems u n l i k e l y  t h a t  th e  
fundam en ta l a rran g em en t o f  t h e s e  system s would v a ry  a s  much as th e  
above r e p o r t s  m ig h t  l e a d  one to  b e l i e v e .  Much o f  th e  p rob lem  may 
s tem  from th e  f a c t  t h a t  a l l  o f  th e  above c o n c lu s io n s  were b a sed  on 
random ly c u t  s e c t i o n s  i n s t e a d  o f  on com ple te  th r e e - d im e n s i o n a l  a n a ly ­
se s  o f  th e  k in d  t h a t  would be r e q u i r e d  t o  o b t a i n  d e f i n i t i v e  in f o r m a t ­
io n  on t h i s  q u e s t i o n .
R e l a t i o n s h i p  Between T h y lak o id s  and th e  C y to p lasm ic  Membrane.
One s t r u c t u r a l l y  and f u n c t i o n a l l y  im p o r ta n t  a s p e c t  o f  c y a n o b a c t e r i a l  
u l t r a s t r u c t u r e  i s  th e  n a t u r e  o f  th e  r e l a t i o n s h i p  ( i f  any) be tw een  th e  
th y la k o id  membrane sy s tem  and th e  c y to p la s m ic  membrane. S p e c i f i c a l l y ,  
i t  i s  im p o r ta n t  to  know w h e th e r  th e  t h y l a k o id s  a r e  in  any way c o n n e c t­
ed to  o r  c o n t in u o u s  w i th  th e  c y to p la sm ic  membrane. S t a n i e r  and Cohen- 
B a z i r e  (1977) d e c l a r e d  t h a t  th e  t h y l a k o i d s  and th e  c y to p la s m ic  mem­
b ran e  a re  t o p o l o g i c a l l y  d i s t i n c t ,  d e s p i t e  th e  f a c t  t h a t  many a u th o r s  
have d e s c r ib e d  th e  o c c u r re n c e  o f  t h y l a k o id - c y t c p l a s m ic  membrane i n t e r ­
c o n n e c t io n s  in  a v a r i e t y  o f  u n i c e l l u l a r  ( A l l e n ,  1968a; Edwards e t  a l . ,
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1968; G o le c k i ,  1979) and f i l a m e n to u s  (G insbu rg  and L a z a r o f f ,  1973;
Lang and Rae, 1967; Neumann e t  a l . ,  1970; Smith and P e a t ,  1967) 
c y a n o b a c t e r i a .  A d m it te d ly ,  th e  l i t e r a t u r e  i s  by no means c o n s i s t e n t  
on t h i s  t o p i c ;  some r e s e a r c h e r s  have r e p o r t e d  i n t e r c o n n e c t i o n s  in  
s p e c i f i c  s t r a i n s  w h ile  o t h e r s  d id  n o t  f in d  them . Such d i s c r e p a n c i e s  
may r e s u l t  from th e  f a c t  t h a t  th e  i n t e r c o n n e c t i o n s  a r e  j u s t  v e ry  
d i f f i c u l t  t o  d e t e c t  and r e s o l v e  w i th  c o n v e n t io n a l  e l e c t r o n  m ic r o s c o p i ­
c a l  t e c h n i q u e s .  New t e c h n i c a l  ap p ro ach es  w i l l  be  r e q u i r e d  t o  o b t a i n  
more d e f i n i t i v e  i n f o r m a t io n  on th e  e x i s t e n c e  o f  t h y l a k o id - c y to p la s m ic  
membrane i n t e r c o n n e c t i o n s .
Assuming t h a t  th y la k o id - c y to p la s m ic  membrane in t e r c o n n e c t i o n s  do 
e x i s t  i n  c y a n o b a c t e r i a ,  many q u e s t i o n s  r e g a r d in g  th e s e  s t r u c t u r e s  r e ­
main to  be answ ered . I t  i s  n o t  known w h e th e r  th e y  a re  perm anent o r  
tem p o ra ry  s t r u c t u r e s .  I t  i s  n o t  known how numerous th e y  may be w i t h i n  
a s i n g l e  c e l l .  F u r th e rm o re ,  i t  h a s  n o t  been  d e te rm in e d  w h e th er  th e y  
a r e  t r u e  i n v a g i n a t i o n s  o f  th e  c y to p la s m ic  membrane ( A l le n ,  1968b;
Cox e t  a l . ,  1981; J o s t ,  1965; K ats  e t  a l . ,  1979; P a n k ra tz  and Bowen, 
1963; Smith and P e a t ,  1967) o r  s im p ly  a  p h y s i c a l  a t ta c h m e n t  o f  th e  
t h y l a k o id s  to  th e  c y to p la s m ic  membrane (G o le c k i ,  1979; Lang and Rae,
1967). The f u n c t i o n a l  s i g n i f i c a n c e  ( i f  any) o f  t h y la k o id - c y to p la s m ic  
membrane i n t e r c o n n e c t i o n s  i s  a l s o  unknown, a l th o u g h  s e v e r a l  a u th o r s  
have s u g g e s te d  t h a t  th e y  a re  c e n t e r s  f o r  t h y l a k o id  s y n t h e s i s  (A l le n ,  
1968b; Cox e t  a l . ,  1981; G in sb erg  and L a z a r o f f ,  1973; Jaco b s  and 
Ahm adjian , 1973; P a n k ra tz  and Bowen, 1963; Smith and P e a t ,  1967). 
G o leck i  and Drews (1982) have  q u i t e  r i g h t l y  p o in te d  o u t ,  how ever, 
t h a t  t h e r e  has  n e v e r  b een  any d i r e c t  e v id en c e  t o  su p p o r t  such a 
s u g g e s t io n .
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I n t r a c e l l u l a r  P o s i t i o n s  o f  S p e c i a l i z e d  I n c l u s i o n  B o d ie s . 
R e l a t i v e l y  l i t t l e  i s  known abou t th e  th r e e - d im e n s i o n a l  p o s i t i o n s  o f  
s p e c i a l i z e d  i n c l u s i o n  b o d ie s  (above) in  c y a n o b a c t e r i a l  c e l l s .  P o ly ­
p h o sp h a te  b o d ie s  and carboxysom es have  been  r e p o r t e d  t o  be c o n f in e d  
to  th e  c e n t r a l  c y to p la s m ic  r e g io n  o f  th e  c e l l  i n  a number o f  u n i ­
c e l l u l a r  c y a n o b a c t e r i a  ( A l l e n ,  1968; Edwards e t  a l . ,  1968; G a n t t  and 
C o n t i ,  1969; Lewin e t  a l . ,  1981). J e n s e n  (1968) n o te d  t h a t  t h e s e  two 
i n c l u s i o n s  were u s u a l l y  in  d i r e c t  c o n t a c t  w i th  each  o t h e r ,  w h i le  
P e a t  and W h itto n  (1968) c la im ed  t h a t  carboxysom es were a lw ays in  
d i r e c t  c o n ta c t  w i th  th e  t h y l a k o id  m em branes. T here  have been  no r e ­
p o r t s  g iv in g  com ple te  i n f o r m a t io n  on th e  p o s i t i o n s  o f  i n c l u s i o n  bod­
i e s  th ro u g h o u t  e n t i r e  c e l l s ,  n o r  i s  a n y th in g  known ab o u t how c o n s i s t ­
e n t  th e s e  p o s i t i o n s  may be from one c e l l  t o  a n o th e r .
T echn iques  f o r  D e te r m in a t io n  o f  T h ree -D im e n s io n a l  U l t r a s t r u c t u r e
E l e c t r o n  M ic r o s c o p ic a l  T ech n iq u es
S e r i a l  S e c t i o n i n g . The most f r e q u e n t l y  used  te c h n iq u e  f o r  ob­
t a i n i n g  in f o r m a t io n  on th e  t h r e e - d im e n s i o n a l  a r c h i t e c t u r e  o f  c e l l s  
h a s  been  s e r i a l  s e c t i o n i n g  (Ware, 1975). S e r i a l  s e c t i o n s  a r e  con­
s e c u t iv e  s l i c e s  o r  p i e c e s  th ro u g h  re s in -em b ed d ed  sp ec im e n s .  S e r i a l  
s e c t i o n i n g  h a s  b een  u sed  e x t e n s i v e l y  i n  s t u d i e s  in v o lv in g  th e  t h r e e -  
d im e n s io n a l  a r c h i t e c t u r e  o f  e u k a r y o t i c  c e l l s  ( F r o k j a e r - J e n s e n ,  1980; 
L o P r e s t i  e t  a l . ,  1973; P e l l e g r i n i ,  1980; W hite and Rock, 1980), b u t  
o n ly  o c c a s i o n a l l y  i n  s t u d i e s  in v o lv in g  p r o k a r y o t i c  c e l l s  ( E c h l i n ,  
1964a; W aters and H un t, 1980). These s t u d i e s  have  shown t h a t  r a n ­
domly c u t  i n d i v i d u a l  t h i n  s e c t i o n s  can  g iv e  i n a c c u r a t e  o r  m is le a d in g
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im p re s s io n s  i f  th e y  a re  n o t  i n t e r p r e t e d  in  th e  c o n te x t  o f  an o rg a n ­
i s m 's  o v e r a l l  t h r e e - d im e n s i o n a l  a r c h i t e c t u r e  (P e a t  and W h it to n ,
1968; Ware, 1975). S e r i a l  s e c t i o n i n g  in  s t u d i e s  in v o lv in g  cyanobac­
t e r i a l  c e l l s  h a s  been  l i m i t e d  to  c o v e r in g  o n ly  sm all  segm ents  o f  
c e l l s  ( E c h l i n ,  1964a; Gromov and Mamkaeva, 1976; P e a t  and W h it to n ,
1968). These l i m i t e d  s e r i e s  have p ro v id e d  some in f o r m a t io n  on th e  
i n t e r n a l  s t r u c t u r e  o f  c y a n o b a c t e r i a l  c e l l s ,  b u t  com ple te  s e r i e s  
th ro u g h  e n t i r e  c e l l s  w i l l  be needed  b e f o r e  t h e i r  t h r e e - d im e n s i o n a l  
a r c h i t e c t u r e  can  be u n d e rs to o d  f u l l y .
H ig h -V o ltag e  E l e c t r o n  M ic ro sc o p y . A no ther  ap p ro ach  t h a t  h a s  
p roven  u s e f u l  f o r  o b t a i n i n g  th r e e - d im e n s i o n a l  in f o r m a t io n  i s  h i g h -  
v o l t a g e  e l e c t r o n  m ic ro sco p y  (HVEM) o f  t h i c k  spec im ens ( e i t h e r  t h i c k  
s e c t i o n s  o r  whole c e l l s ) .  An in c r e a s e d  amount o f  t h r e e - d im e n s i o n a l  
in f o r m a t io n  can  be o b ta in e d  d i r e c t l y  w i th  HVEM b eca u se  o f  th e  i n ­
c r e a s e d  th i c k n e s s  o f  th e  spec im en . HVEM o f  t h i c k  sam ples h a s  been  
used  s u c c e s s f u l l y  w i th  a  v a r i e t y  o f  e u k a r y o t i c  c e l l  and t i s s u e  s y s ­
tems (Crang and P enchak , 1978; G l a u e r t ,  1974; Hawes, 1981; K i l a r s k i  
e t  a l . ,  1976; King e t  a l . ,  1980; P a u l i n ,  1975), b u t  h a s  n o t  been  
a p p l i e d  e x t e n s i v e l y  to  p r o k a r y o t i c  specim ens (King e t  a l . ,  1980; 
W e ib u l l ,  1974).
The Com puter-Aided T ech n iq u es
A number o f  c o m p u te r -a id e d  t e c h n iq u e s  f o r  t h r e e - d im e n s i o n a l  
r e c o n s t r u c t i o n  o f  c e l l s  o r  t i s s u e s  have  been  d ev e lo p ed  i n  r e c e n t  
y e a r s .  These a p p ro a ch e s  g e n e r a l l y  in v o lv e  r e c o n s t r u c t i o n  o f  t r a c ­
in g s  made from s e r i a l  t h i n  or t h i c k  s e c t i o n s .  S e v e ra l  com puter p ro ­
grams have been  d e s ig n e d  f o r  t h i s  ap p ro ach  and have been  u sed  e f f e c t ­
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i v e l y  w i th  a  v a r i e t y  o f  e u k a r y o t i c  c e l l  sy s tem s (Crang and P echak , 
1978; L e v in th a l  e t  a l . ,  1974; L o P r e s t i  e t  a l . ,  1973; Macagno e t  a l . ,  
1979; Moens and Moens, 1981; Sobel e t  a l . ,  1980; S te v e n s  e t  a l . ,
1980; Veen and P each ey , 1977; Ware and L o P r e s t i ,  1975). The m a jo r ­
i t y  o f  t h e s e  program s were d e s ig n e d  t o  i l l u s t r a t e  complex l i n e a r  o r  
b r a n c h in g  s t r u c t u r e s  such  a s  n eu ro n s  o r  chromosomes. To d a t e ,  no 
one h a s  a t te m p te d  to  a p p ly  c o m p u te r -a id e d  t e c h n iq u e s  to  th e  r e c o n ­
s t r u c t i o n  o f  p r o k a r y o t i c  c e l l s .
A sp e c ts  o f  H e te r o c y s t  D i f f e r e n t i a t i o n  i n  C y a n o b a c te r ia
U l t r a s t r u c t u r e  o f  th e  D i f f e r e n t i a t i o n  P ro c e s s
As s t a t e d  e a r l i e r ,  h e t e r o c y s t s  a r i s e  in  c y a n o b a c t e r i a  when 
v e g e t a t i v e  c e l l s  u n d e rg o  a complex s e r i e s  o f  u l t r a s t r u c t u r a l  and b i o ­
c h em ica l  c h a n g e s .  The d e t a i l e d  u l t r a s t r u c t u r e  o f  th e  d i f f e r e n t i a t i o n  
p ro c e s s  h a s  been  s t u d i e d  o n ly  in  a few s p e c i e s  o f  Anabaena 
(K u la s o o r iy a  e t  a l . ,  1972; Lang, 1965; W ilcox e t  a l . ,  1973b). These 
a u th o r s  d e s c r ib e d  th e  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  p r o h e te r o ­
c y s t s  ( c e l l s  i n  t r a n s i t i o n  be tw een  th e  v e g e t a t i v e  and m a tu re  h e t e r o ­
c y s t  fo rm s) and i n d i c a t e d  how th o s e  c h a r a c t e r i s t i c s  changed d u r in g  
d i f f e r e n t i a t i o n .  Such in f o r m a t io n  can  be u s e f u l  tow ard d e v e lo p in g  
a b e t t e r  u n d e r s t a n d in g  o f  s t r u c t u r e - f u n c t i o n  r e l a t i o n s h i p s  in  m a tu re  
h e t e r o c y s t s .  A lthough  many c y a n o b a c te r i a  a s id e  from Anabaena a re  
c a p a b le  o f  p ro d u c in g  h e t e r o c y s t s ,  th e  u l t r a s t r u c t u r e  o f  th e  d i f f e r ­
e n t i a t i o n  p ro c e s s  h a s  n o t  y e t  been  examined in  any o f  them . T h e re ­
f o r e ,  i t  i s  n o t  known w h e th e r  th e  sequence  o f  changes  t h a t  t a k e s  
p la c e  i n  Anabaena and th e  c o n c lu s io n s  t h a t  can  be  drawn th e r e f r o m
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have any r e l e v a n c e  t o  h e t e r o c y s t  d i f f e r e n t i a t i o n  i n  o t h e r  cyanobac­
t e r i a l  g ro u p s .
H e te r o c y s t  S pac ing  P a t t e r n s
L ik e  t h a t  c o n c e rn in g  th e  u l t r a s t r u c t u r e  o f  th e  d i f f e r e n t i a t i o n  
p r o c e s s ,  a lm o s t  a l l  o f  th e  d e t a i l e d  in f o r m a t io n  r e g a r d in g  th e  con­
t r o l  o f  t h i s  p ro c e s s  h a s  come from s t u d i e s  in v o lv in g  a few s p e c ie s  
o f  th e  genus Anabaena (Adams and C a r r ,  1981; K u la s o o r iy a  e t  a l . ,
1972; L ang, 1965; Lang and F ay , 1971; W ilcox e t  a l . ,  1973a, b ) .  In  
A nabaena, i t  i s  th o u g h t  t h a t  h e t e r o c y s t  d i f f e r e n t i a t i o n  i s  v e r y  
p r e c i s e l y  c o n t r o l l e d .  H e te r o c y s t s  d e v e lo p  o n ly  a t  s p e c i f i c  p o s i t ­
io n s  w i t h i n  th e  f i l a m e n t ,  th e r e b y  c r e a t i n g  a c o n s i s t e n t  " s p a c in g  
p a t t e r n " .  As a f i l a m e n t  g row s, new h e t e r o c y s t s  d e v e lo p  from v e g e ­
t a t i v e  c e l l s  l y in g  a p p ro x im a te ly  in  th e  m id d le  o f  th e  i n t e r v a l  b e ­
tween a d j a c e n t ,  p r e - e x i s t i n g  h e t e r o c y s t s .  D i s t r i b u t i o n s  f o r  th e  
number o f  v e g e t a t i v e  c e l l s  be tw een  h e t e r o c y s t s  a n d /o r  p r o h e t e r o c y s t s  
i n  young A. c y l i n d r i c a  and A. c a t e n u l a  f i l a m e n t s  have been  d e te rm in e d  
by W ilcox e t  a l . ( 1 9 7 3 a ) .  A_. c y l i n d r i c a  had  a mean o f  9 . 3 -  2 .8
v e g e t a t i v e  c e l l  b e tw een  h e t e r o c y s t s  a n d /o r  p r o h e t e r o c y s t s ,  and A.
# 0
c a t e n u l a  had  a  mean o f  1 0 .1 - 2 .5 .  In  b o th  o rg a n is m s ,  i t  was uncommon 
t o  have l e s s  th a n  t h r e e  v e g e t a t i v e  c e l l s  be tw een  h e t e r o c y s t s ,  and 
th e  f r e q u e n c y  o f  a d j a c e n t  h e t e r o c y s t s  was l e s s  th a n  0.1% (W ilcox 
e t  a l . ,  1973a, b ) .  T h is  v e r y  p r e c i s e  s p a c in g  p a t t e r n  i s  th o u g h t  to  
be c o n t r o l l e d ,  in  p a r t ,  by s e t t i n g  up i n h i b i t o r y  zones  a round  each 
h e t e r o c y s t  o r  d e v e lo p in g  p r o h e t e r o c y s t .  The i n h i b i t o r y  zone i s  
a p p a r e n t ly  c r e a t e d  by an i n h i b i t o r y  s u b s ta n c e  ( c u r r e n t l y  u n i d e n t i ­
f i e d )  t h a t  d i f f u s e s  f o r  some d i s t a n c e  down th e  f i l a m e n t  o f  c e l l s .
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Only th e  v e g e t a t i v e  c e l l s  t h a t  l i e  o u t s i d e  o f  such  i n h i b i t o r y  zones 
can  d i f f e r e n t i a t e  i n t o  h e t e r o c y s t s .  W hile t h e r e  i s  now l i t t l e  
doubt t h a t  such a mechanism f u n c t io n s  to  c o n t r o l  h e t e r o c y s t  d i f f e r ­
e n t i a t i o n  in  A nabaena , t h e r e  have been  no a t t e m p ts  t o  d e te rm in e  
w h e th er  i t  f u n c t io n s  in  o t h e r  h e t e r o c y s to u s  g e n e ra  a s  w e l l .  A 
f i r s t  s t e p  tow ard making such a d e t e r m in a t io n  would be to  examine 
h e t e r o c y s t  s p a c in g  p a t t e r n s  in  o th e r  g e n e r a ,  b u t  even  t h a t  k in d  o f  
p r e l im in a r y  i n v e s t i g a t i o n  h a s  y e t  t o  be  d e s c r ib e d  in  t h e  l i t e r a t u r e .  
As a co n seq u en ce ,  n o th in g  o f  r e a l  s u b s ta n c e  i s  known abou t th e  con­
t r o l  o f  h e t e r o c y s t  d i f f e r e n t i a t i o n  in  m ost o f  th e  c y a n o b a c te r i a  t h a t  
p roduce  t h e s e  im p o r ta n t  s p e c i a l i z e d  c e l l s .
Morphology and U l t r a s t r u c t u r e  o f  S t ig o n e m a ta le a n  C y a n o b a c te r ia
The b r a n c h in g ,  f i l a m e n to u s  ( s t ig o n e m a ta le a n )  c y a n o b a c te r i a  have 
been  i n v e s t i g a t e d  p r i m a r i l y  a t  th e  l i g h t  m ic r o s c o p ic a l  l e v e l  (L ee , 
1972; M arcenko, 1961; M a r t in  and W yatt ,  1974; R ippka e t  a l . ,  1979; 
Schwabe, 1960; S p e a r in g ,  1937). From th e s e  s t u d i e s ,  i t  has  become 
a p p a re n t  t h a t  s t ig o n e m a ta le a n  c y a n o b a c t e r i a  have  r a t h e r  complex mor­
p h o lo g ic a l  c h a r a c t e r i s t i c s .  Young f i l a m e n t s  u s u a l l y  c o n s i s t  o f  
c y l i n d r i c a l ,  a c t i v e l y  d i v i d i n g  c e l l s  w i th  f a i r l y  u n ifo rm  m o rp h o lo g i­
c a l  c h a r a c t e r i s t i c s .  As t h e s e  young f i l a m e n t s  a g e ,  t h e i r  c e l l s  s to p  
d i v i d i n g  b u t  c o n t in u e  t o  grow by i n c r e a s i n g  in  w id th .  T h is  p ro c e s s  
l e a d s  to  fo rm a t io n  o f  " o ld ' '  f i l a m e n t s  t h a t  c o n ta i n  r e l a t i v e l y  w ide , 
s p h e r i c a l  c e l l s  w i th  e x c e e d in g ly  v a r i a b l e  m o rp h o lo g ic a l  c h a r a c t e r i s ­
t i c s .  Some o f  th e  c e l l s  i n  o ld  f i l a m e n t s  undergo  d i v i s i o n  p a r a l l e l  
t o  th e  lo n g  a x i s  o f  th e  f i l a m e n t .  S ubsequen t d i v i s i o n  o f  e i t h e r
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d a u g h te r  c e l l  th e n  g iv e s  r i s e  t o  l a t e r a l  b ra n c h e s  o f f  t h e  main f i l a ­
m en ts .  The b ra n c h e s  som etim es e lo n g a t e  and t a p e r  t o  fo rm  new young 
f i l a m e n t s  once  a g a in  (T h u rs to n  and Ingram , 1971). M ature  c u l t u r e s  
c o n s i s t  o f d en se  m ats  o f  i n t e r t w i n e d  young and o ld  f i l a m e n t s .
A lthough  t h e  b a s i c  m o rp h o lo g ic a l  c h a r a c t e r i s t i c s  of s t ig o n e m a ­
t a l e a n  c y a n o b a c te r i a  have  been d e s c r ib e d  th o r o u g h ly ,  r e l a t i v e l y  
l i t t l e  i s  known ab o u t t h e  morphology of h e t e r o c y s t  d i f f e r e n t i a t i o n  
in  t h e s e  o rg a n ism s .  R ippka e t  a l .  (1979) d e s c r ib e d  s e v e r a l  d i f f e r ­
e n t  ty p e s  o f  h e t e r o c y s t s  t h a t  d ev e lo p e d  in  b ra n c h in g  f i l a m e n to u s  
c y a n o b a c te r i a ,  and th e y  b r i e f l y  l i s t e d  some of t h e  p o s i t i o n s  a t  
w hich t h e s e  h e t e r o c y s t s  form ed. They d id  n o t  c a r r y  ou t a  d e t a i l e d  
a n a l y s i s  o f  h e t e r o c y s t  s p a c in g  p a t t e r n s ,  how ever, and t h a t  in f o r m a t ­
io n  i s  s t i l l  needed  t o  s tu d y  th e  mechanism by w hich  d i f f e r e n t i a t i o n  
i n  s t ig o n e m a ta le a n  c y a n o b a c te r i a  i s  c o n t r o l l e d .
P e rh ap s  b ecau se  o f  t h e i r  complex m o rp h o lo g ic a l  c h a r a c t e r i s t i c s ,  
o n ly  a  few i n v e s t i g a t o r s  have  a t te m p te d  t o  examine t h e  u l t r a s t r u c t ­
u r a l  c h a r a c t e r i s t i c s  o f  s t ig o n e m a ta le a n  c y a n o b a c te r i a  ( B u t l e r  and 
A l ls o p p ,  1972; R is  and S in g h ,  1961; T h u rs to n  and Ingram , 1971;
W ildon and M erce r ,  196 3 ) .  None o f t h e s e  i n v e s t i g a t i o n s  c o u ld  be  
c o n s id e re d  v e ry  com prehens ive , and t h e  m ost th o ro u g h  o f  them 
(T h u rs to n  and Ingram , 1971) was l i m i t e d  to  n i t r a t e - g r o w n  c u l t u r e s  
t h a t  d id  n o t  form  h e t e r o c y s t s .  T hus , t h e  d e t a i l e d  u l t r a s t r u c t u r a l  
c h a r a c t e r i s t i c s  o f  h e t e r o c y s t s  o r  o f  t h e  h e t e r o c y s t  d i f f e r e n t i a t i o n  
p ro c e s s  in  s t ig o n e m a ta le a n  c y a n o b a c te r i a  have  n e v e r  been  d e s c r i b e d .
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S tu d ie s  on. Agmenellum q u a d ru p l ic a tu m
Agmenellum q u a d ru p l ic a tu m  s t r a i n  PR-6 i s  a u n i c e l l u l a r  cyano­
b a c te r iu m  t h a t  i s  u n ab le  t o  f i x  a tm o sp h e r ic  n i t r o g e n .  I t  i s  a m ar­
in e  ( h a l o t o l e r a n t )  m ic ro o rg an ism  t h a t  was o r i g i n a l l y  i s o l a t e d  and 
d e s c r ib e d  by  Van B aa len  (1 9 6 2 ) .
The e a r l i e s t  u l t r a s t r u c t u r a l  s t u d i e s  in v o lv in g  A. q u a d ru p l ic a tu m  
were r e l a t e d  t o  c e l l  d i v i s i o n  (Brown and Van B a a le n ,  1970; Ingram  
and T h u r s to n ,  1970; Ingram  e t  a l . ,  1972a) and c e l l  s e p a r a t i o n  (Brown 
and Van B a a le n ,  1970; Ingram  and A l d r i c h ,  1974). These s t u d i e s  ex ­
amined c e l l  d i v i s i o n  and s e p a r a t i o n  i n  w i ld - t y p e  s t r a i n s  PR-6 and 
BG-1, and i n  v a r io u s  f i l a m e n to u s  m u ta n ts  o f  t h e s e  two s t r a i n s .  C e l l  
d i v i s i o n  in  th e  v a r io u s  m u ta n ts  d i f f e r e d  from t h a t  in  th e  w i ld - t y p e  
s t r a i n s  e i t h e r  in  th e  sequence  o f  e v e n ts  t h a t  to o k  p la c e  (Brown and 
Van B aa le n ,  1970) o r  u l t r a s t r u c t u r a l l y  (Ingram  and T h u r s to n ,  1970; 
Ingram  e t  a l . ,  1975). A p ro p o sed  model f o r  c e l l  d i v i s i o n  i n  w i l d -  
ty p e  s t r a i n  PR-6 in c lu d e d  th e  fo l lo w in g  sequence  o f  e v e n t s :  ( i )  nu­
c l e a r  s e p a r a t i o n ,  ( i i )  d i v i s i o n  o f  t h e  t h y l a k o id  membranes, ( i i i )  
i n v a g i n a t i o n  o f  th e  c y to p la s m ic  membrane, and ( i v )  s im u l ta n e o u s  i n ­
v a g i n a t i o n  o f  th e  p e p t id o g ly c a n  and o u t e r  membrane l a y e r s  o f  th e  c e l l  
e n v e lo p e .
A. q u a d ru p l ic a tu m  s t r a i n  PR-6 r e c e n t l y  was shown t o  p o s s e s s  an 
e x t r a c e l l u l a r  g ly c o c a ly x  d u r in g  a l l  p h a se s  o f  grow th ( B a lk w i l l  and 
S te v e n s ,  1980b). The g ly c o c a ly x  was o b se rv ed  in  b o th  f r e e z e - f r a c t ­
u red  and t h i n - s e c t i o n e d  c e l l  p r e p a r a t i o n s .  I t  s t a i n e d  w ith  ru th e n iu m  
r e d ,  th e re b y  i n d i c a t i n g  t h a t  i t  c o n ta in e d  p o l y s a c c h a r i d e s .  S t r u c t u r ­
a l l y ,  th e  g ly c o c a ly x  c o n s i s t e d  o f  a ne tw ork  o f  sm a ll  f i b r i l s  t h a t
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were 8 .7  -  8 .8  nm in  d i a m e te r .  P o s s i b l e  f u n c t i o n s  s u g g e s te d  f o r  th e  
g ly c o c a ly x  in c lu d e d  a t ta c h m e n t  o f  c e l l s  to  s u r f a c e s  and f l o c c u l a t i o n  
o f  c e l l s  d u r in g  s t r e s s .
A l l  o f  th e  most r e c e n t  u l t r a s t r u c t u r a l  i n v e s t i g a t i o n s  in v o lv in g  
A. q u a d ru p l ic a tu m  s t r a i n  PR-6 have d e a l t  w i th  th e  e f f e c t s  o f  n u t r i e n t  
l i m i t a t i o n  o r  s t a r v a t i o n  on i n t r a c e l l u l a r  u l t r a s t r u c t u r e .  The e f f e c t s  
o f  phosphorous (S te v e n s  e t  a l . ,  1981b), n i t r o g e n  (S te v e n s  e t  a l . ,  
1981a), and i r o n  (H a rd ie  e t  a l . ,  1983a, b) s t a r v a t i o n  have  been  ex­
amined to  d a t e .  These s t u d i e s  showed t h a t  A. q u a d ru p l ic a tu m  u n d e r -  
went a p r e c i s e  sequence  o f  i n t r a c e l l u l a r ,  u l t r a s t r u c t u r a l  changes  in  
r e s p o n se  t o  n u t r i e n t  s t a r v a t i o n .  These c h a n g e s ,  w hich were d i f f e r e n t  
w i th  each  d i f f e r e n t  l i m i t i n g  n u t r i e n t ,  were d i r e c t e d  tow ard  b u i l d i n g  
up r e s e r v e  m a t e r i a l s  a t  t h e  expense  o f  c e l l  s t r u c t u r e s  t h a t  had b e ­
come s u p e r f lu o u s  a s  a r e s u l t  o f  s t a r v a t i o n .  I t  was assumed t h a t  t h i s  
s t r a t e g y  h e lp e d  A^ _ q u a d ru p l ic a tu m  to  s u rv iv e  r e l a t i v e l y  long  p e r io d s  
o f  s t a r v a t i o n  and t o  r e c o v e r  from s t a r v a t i o n  q u ic k ly  when n u t r i e n t s  
a re  made a v a i l a b l e  once a g a in  (H a rd ie  e t  a l . ,  1983a, b ;  S tev en s  e t  
a l . ,  1981a).
The s t u d i e s  c i t e d  above have  p ro v id e d  e x t e n s iv e  in f o r m a t io n  on 
th e  b a s i c  u l t r a s t r u c t u r a l  f e a t u r e s  o f  A. q u a d r u p l ic a tu m . However, 
th e y  have n o t  p ro v id e d  s u f f i c i e n t  d a t a  to  e n a b le  one to  u n d e r s ta n d  
how th e s e  c e l l  f e a t u r e s  a r e  a r ra n g e d  w i th  r e s p e c t  to  each  o t h e r  i n  
t h r e e - d im e n s io n a l  s p a c e ,  A f u l l  u n d e r s ta n d in g  o f  th e  th r e e - d im e n s ­
io n a l  a r c h i t e c t u r e  o f  t h i s  o rg a n ism , th e n ,  a w a i t s  c o m p le t io n  o f  a 
th o ro u g h  th r e e - d im e n s i o n a l  r e c o n s t r u c t i o n  o f  e n t i r e  c e l l s .
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S tu d ie s  on M a s t ig o c la d u s  lam in o su s
M a s t ig o c la d u s  lam in o su s  i s  a t h e r m o p h i l i c ,  b r a n c h in g ,  f i l a m e n t ­
ous c y an o b a c te r iu m  o f  th e  " s t ig o n e m a ta le a n "  g ro u p .  M. lam in o su s  h a s  
been  i n v e s t i g a t e d  from an  e c o l o g i c a l  s t a n d p o i n t  (C a s te n h o lz ,  1976; 
1977; F a g e rb e rg  and A r n o t t ,  1979) and b e c a u se  o f  i t s  p o t e n t i a l  f o r  
b i o p h o t o l y s i s  (M iura  e t  a l . ,  1980; Miyamoto e t  a l . ,  1979a, b ) .  The 
m orphology o f  t h i s  o rg an ism  a t  th e  l i g h t  m ic r o s c o p i c a l  l e v e l  h a s  
b een  d e s c r ib e d  to  some e x t e n t  (M arcenko, 1961; R ippka e t  a l . ,  1979; 
Schwabe, 1960), b u t  r e l a t i v e l y  l i t t l e  i s  known abou t i t s  u l t r a s t r u c t ­
u r a l  c h a r a c t e r i s t i c s  (M arcenko, 1961; R is  and S in g h ,  1961).
R ippka e t  a l . (1979) have  su g g e s te d  a new c l a s s i f i c a t i o n  scheme 
f o r  c y a n o b a c te r i a  in  w hich th e  g e n e ra  F i s c h e r e l l a  and M a s t ig o c la d u s  
were combined i n t o  th e  s i n g l e  g e n u s ,  F i s c h e r e l l a  Gomont 1895. T h is  
su g g e s te d  c l a s s i f i c a t i o n  scheme was b a se d  p r i m a r i l y  on m o rp h o lo g ic a l  
^ s i m i l a r i t i e s  v i s i b l e  a t  t h e  l i g h t  m ic r o s c o p i c a l  l e v e l ,  i n c l u d i n g :
( i )  th e  a b i l i t y  to  form t r u e  b ra n c h e s  and ( i i )  a s i m i l a r  mechanism 
o f  c e l l  d i v i s i o n  w i t h i n  th e  f i l a m e n t s .  However, b o th  th e  m orphology 
o f  h e t e r o c y s t  d i f f e r e n t i a t i o n  and th e  d e t a i l e d  u l t r a s t r u c t u r a l  c h a r a c ­
t e r i s t i c s  o f  M a s t ig o c la d u s  and F i s c h e r e l l a  sh o u ld  be compared b e f o r e  
any f i n a l  d e c i s i o n  r e g a r d in g  c o m b in a t io n  o f  th e  two g e n e ra  i s  made.
The e c o l o g i c a l  s i g n i f i c a n c e  o f  M. lam in o su s  c e n t e r s  around  th e  
f a c t  t h a t  i t  i s  th e  o n ly  t h e r m o p h i l i c  c y a n o b a c te r iu m  known to  f i x  
a tm o sp h e r ic  n i t r o g e n ,  th e r e b y  c o n v e r t in g  th e  n i t r o g e n  i n t o  a form 
t h a t  can be  u t i l i z e d  by p l a n t s .  As i n  most o th e r  n i t r o g e n - f i x i n g  
c y a n o b a c t e r i a ,  t h i s  p r o c e s s  t a k e s  p la c e  i n  h e t e r o c y s t s  ( s e e  a b o v e ) ;
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y e t ,  l i t t l e  i s  known a b o u t  th e  h e t e r o c y s t s  i n  t h i s  im p o r ta n t  o rg a n ­
ism . To d a t e ,  t h e r e  have  b e e n  no r e p o r t s  d e s c r i b i n g  th e  u l t r a s t r u c t ­
u r a l  c h a r a c t e r i s t i c s  o f  h e t e r o c y s t s  in  M. l a m in o s u s , th e  d e t a i l e d  
u l t r a s t r u c t u r a l  sequence  o f  e v e n ts  t h a t  t a k e s  p la c e  d u r in g  h e t e r o ­
c y s t  d i f f e r e n t i a t i o n ,  o r  th e  mechanism by w hich th e  d i f f e r e n t i a t i o n  
p ro c e s s  i s  c o n t r o l l e d .
I I .  MATERIALS AND METHODS
S tu d ie s  w i th  Agmenellum q u a d ru p l ic a tu m
Organism , Medium, and Growth C o n d i t io n s
Agmenellum q u a d ru p l ic a tu m  s t r a i n  PR-6 i s  a  u n i c e l l u l a r ,  h a l o -  
t o l e r a n t  c y an o b a c te r iu m  t h a t  was i s o l a t e d  and d e s c r ib e d  by Van 
B aa len  (1 9 6 2 ) .  I t  was grown in  medium A o f  P r o v a s o l i  e t  a l .  (1 9 6 1 ) ,  
as m o d if ie d  by Van B aa le n  (1962) and S tev en s  e t  a l .  (1 9 7 3 ) .  B ro th  
c u l t u r e s  were housed  in  38 x 300-mm g l a s s  t e s t  tu b e s  which were i n ­
c u b a te d  a t  39°C i n  a  g l a s s  w a te r  b a t h .  I l l u m i n a t i o n  f o r  p h o to s y n th e ­
s i s  was p ro v id e d  by fo u r  (two on each  s id e  o f  th e  b a th )  F24T12 CW/HO
2f l u o r e s c e n t  lamps p ro d u c in g  an  i n t e n s i t y  o f  380 jimol p h o to n s  m 
sec  '  i n c i d e n t  on each  grow th  tu b e .  C on tinuous  a g i t a t i o n  and ca rb o n  
were p ro v id e d  by b u b b l in g  o f  s t e r i l e  3% ( v o l / v o l )  CO2  i n  a i r  th ro u g h  
th e  c u l t u r e s .
E x p o n e n t i a l l y  grow ing c e l l s  were used  in  a l l  o f  t h e  i n v e s t i g a t ­
io n s  d e s c r ib e d  be lo w . Growth was m easured  t u r b i d i m e t r i c a l l y  by de­
te rm in in g  th e  a b so rb an c e  o f  th e  c u l t u r e s  a t  580 nm w i th  a Bausch and
Lomb S p e c t r o n ic  20 c o l o r i m e t e r .  A c e l l  s u s p e n s io n  w i th  an o p t i c a l
7 + 5d e n s i t y  o f  1.0 c o n ta in e d  4 .7  x 10 -  8 x 10 c e l l s / m l ,  as  d e te rm in e d
by v i a b l e  c o u n ts  and a d ry  w e ig h t  o f  0 .1 5  mg/ral.
E l e c t r o n  M icroscopy
P r e p a r a t i o n  o f  C e l l s  f o r  T h in  o r  T h ick  S e c t i o n i n g . T h ree  f i x a t ­
io n  p ro c e d u re s  were used  to  p re p a re  A. q u a d ru p l ic a tu m  c e l l s  f o r  su b -
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seq u e n t  t h i n  o r  t h i c k  s e c t i o n i n g  ( s e e  b e lo w ) .  These w ere : ( i )  th e  
p o ta s s iu m  perm anganate  p r o c e d u r e ,  ( i i )  t h e  ru th e n iu m  re d  p ro c e d u re ,  
and ( i i i )  th e  g lu ta ra ld e h y d e -o sm iu m  t e t r o x i d e  p r o c e d u r e .  For th e  
p o ta s s iu m  perm anganate  f i x a t i o n ,  c e l l s  were c o n c e n t r a t e d  from t h e i r  
grow th medium by c e n t r i f u g a t i o n ,  f i x e d  1 h a t  0-4°C i n  1% KMnO  ^
(aq u eo u s)  and washed tw ic e  by c e n t r i f u g a t i o n  in  0 .1  M sodium cadody- 
l a t e  o u f f e r  (pH 7 . 0 ) .  The r e s u l t i n g  c e l l  p e l l e t  was re su sp e n d e d  in  
a sm a l l  amount o f  m o l te n ,  2% Noble Agar (D ifc o )  a t  50°C. T h is  c e l l -  
a g a r  s u sp e n s io n  was t r a n s f e r r e d  t o  a g l a s s  m ic ro sco p e  s l i d e ,  a l low ed  
to  s o l i d i f y ,  and c u t  i n t o  sm a l l  b lo c k s  ( l e s s  th a n  1 mm on a  s i d e )  
w i th  a  r a z o r  b l a d e .  The sam ples  were th e n  p r e s t a i n e d  2 h a t  room 
te m p e ra tu re  i n  5% u r a n y l  a c e t a t e  ( a q u e o u s ) .  For th e  ru th e n iu m  re d  
f i x a t i o n ,  which was a v a r i a t i o n  o f  t h a t  d e s c r ib e d  by Cagle e t  a l .  
(1 9 7 2 ) ,  c e l l s  were c o n c e n t r a t e d  from t h e i r  grow th medium by c e n t r i ­
f u g a t io n  and p r e s t a i n e d  1 h a t  room te m p e ra tu re  i n  0.15% ru th e n iu m  
re d  ( i n  0 .1  M sodium c a c o d y la te  b u f f e r ,  pH 7 . 0 ) .  The c e l l s  were 
th e n  p r e f ix e d  1 h a t  room te m p e ra tu re  in  a m ix tu re  o f  3.6% g l u t a r a l -  
dehyde and 0.15% ru th e n iu m  re d  ( i n  c a c o d y la te  b u f f e r ) ,  washed tw ic e  
i n  c a c o d y la te  b u f f e r ,  and p o s t f i x e d  1 h a t  4°C i n  a m ix tu r e  o f  1% 
OsO^ and 0.15% ru th e n iu m  re d  ( i n  c a c o d y la te  b u f f e r ) .  A f t e r  two 
f u r t h e r  w ash ings  in  c a c o d y la te  b u f f e r ,  th e  f ix e d  c e l l s  were embedded 
i n  a g a r  and c u t  i n t o  sm a l l  b lo c k s  as  d e s c r ib e d  ab o v e . For th e  
g lu ta ra ld eh y d e-O sO ^  f i x a t i o n ,  c e l l s  were p r e f i x e d  by ad d in g  12.5% 
g lu ta r a ld e h y d e  ( i n  c a c o d y la te  b u f f e r )  d i r e c t l y  to  th e  c u l t u r e  medium 
to  b r in g  th e  f i n a l  c o n c e n t r a t i o n  o f  g lu t a r a ld e h y d e  to  a p p ro x im a te ly  
3%. P r e f i x a t i o n  c o n t in u e d  f o r  2 h a t  room te m p e r a t u r e ,  a f t e r  which
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th e  c e l l s  w ere  c o n c e n t r a t e d  by c e n t r i f u g a t i o n ,  washed w i th  c a c o d y la te
b u f f e r ,  and re su sp e n d e d  i n  two d ro p s  o f  t r y p t o n e - s a l t  s o l u t i o n  (1%
t r y p t o n e ,  0.5% N aCl). They were embedded i n  a g a r  and c u t  i n t o  s m a l l
b lo c k s  a s  d e s c r ib e d  above. These b lo c k s  were p o s t f i x e d  o v e r n ig h t  a t
room te m p e ra tu re  i n  1% OsO, ( i n  c a c o d y la te  b u f f e r ) . The p o s t f i x e d4
sam ples were washed tw ic e  w i th  c a c o d y la te  b u f f e r  and p r e s t a i n e d  3 h 
a t  room te m p e ra tu re  i n  0.5% u r a n y l  a c e t a t e  ( i n  K e l le n b e r g e r  b u f f e r ;  
K e l le n b e rg e r  e t  a l . , 1958). Samples from a l l  f i x a t i o n  p ro c e d u re s  were 
d e h y d ra te d  th ro u g h  a  g ra d e d  e th a n o l  s e r i e s .  Those to  be u sed  f o r  con­
v e n t i o n a l  t h i n  s e c t i o n i n g  w ere  embedded i n  S p u r r ' s  l o w - v i s c o s i t y  epoxy 
r e s i n  (S p u r r ,  1969), w h i le  th o s e  to  be used  f o r  t h i c k  s e c t i o n i n g  were
embedded i n  Po ly /B ed  812 ( P o ly s c i e n c e s ,  I n c . ,  W a r r in g to n ,  PA). Both
o
r e s i n s  were  c u re d  f o r  15-20 h a t  65-70 C.
A l l  t h r e e  f i x a t i o n  p ro c e d u re s  gave e q u i v a l e n t  r e s u l t s ,  th e re b y  
i n s u r i n g  t h a t  a r t i f a c t u a l  s t r u c t u r e s  w ere  n o t  o b se rv e d .  The p o ta s s iu m  
perm angana te  te c h n iq u e  was u n s u i t a b l e  f o r  t h r e e - d im e n s i o n a l  r e c o n s t r u c t ­
i o n s ,  however, b ecau se  ( i )  o v e r a l l  c e l l  p r e s e r v a t i o n  was r e l a t i v e l y  
poo r and ( i i )  t h e  p r im a ry  f i x a t i o n  p ro d u c t  (MnC^) was a p p a r e n t ly  
d i s s o lv e d  by a c e t i c  a c id  as th e  s e c t i o n s  were a l i g n e d  on specim en 
g r i d s  ( s e e  b e lo w ) .  M icrog raphs  from th e  g lu ta ra ld e h y d e -O sO ^  f i x a t i o n  
were chosen  f o r  th e  i l l u s t r a t i o n s  i n  t h i s  r e p o r t .
P r e p a r a t i o n  o f  S e r i a l  Thin o r  T h ick  S e c t i o n s . S e r i a l  t h i n  s e c t ­
io n s  were c u t  w i th  a  diamond k n i f e  (M .J.O . Diatome C o . ,  F o r t  W ashing­
to n ,  PA), and s e r i a l  t h i c k  ( 0 .2 5 - ,  0 . 5 - ,  and 1.0-jum) s e c t i o n s  were c u t  
w i th  g l a s s  k n iv e s .  An LKB U ltra to m e  I I I  u l t r a m ic ro to m e  was u sed  i n  
b o th  c a s e s .  The s e r i a l  s e c t i o n s  (b o th  t h i n  and t h i c k )  were r e t r i e v e d
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on fo rm v a rc o a te d ,  c a r b o n - s t a b i l i z e d ,  m u l t i - s l o t ,  cop p er  specim en 
g r i d s .  The te c h n iq u e  used  to  p r o p e r ly  a l i g n  th e  s e c t i o n s  on th e s e  
g r id s  was s i m i l a r  to  t h a t  d e s c r ib e d  by Anderson and B ren n er  (1 9 7 1 ) .  
B r i e f l y ,  r ib b o n s  o f  s e r i a l  s e c t i o n s  f l o a t i n g  on th e  s u r f a c e  o f  th e  
w a te r  i n  th e  m icro tom e k n i f e  b o a t  were t r a n s f e r r e d  w i th  a p la t in u m  
w ire  loop  to  th e  s u r f a c e  o f  l i q u i d  g e l a t i n  (D ifco )  t h a t  was m a in t a in ­
ed a t  60°C i n  a  p e t r i  d i s h .  The g e l a t i n  was a l lo w ed  to  s o l i d i f y  a t  
o
4 C and specim en g r i d s  w ere  th e n  p la c e d  c a r e f u l l y  on to p  o f  each  
r ib b o n  o f  s e c t i o n s . Each g r i d  was p la c e d  so t h a t  th e  r ib b o n  o f  s e c t ­
io n s  was a l i g n e d  p a r a l l e l  t o  th e  lo n g  a x i s  o f  th e  a p p r o p r i a t e  g r i d  
s l o t ,  th e re b y  l e a v in g  each  s e c t i o n  i n  th e  s e r i e s  v i s i b l e  th ro u g h  th e  
s l o t .  I t  was n e c e s s a r y  to  choose  a s l o t  t h a t  was s l i g h t l y  n a r ro w e r  
th a n  th e  w id th  o f  th e  s e c t i o n s  i n  th e  r ib b o n ,  i n  o r d e r  to  s u p p o r t  th e  
s e c t i o n s  f i r m ly  enough to  p r e v e n t  d r i f t  and o th e r  prob lem s w i th  s t a ­
b i l i t y  d u r in g  s u b se q u e n t  e l e c t r o n  m ic r o s c o p ic a l  e x a m in a t io n  o f  th e  
spec im en s .  F o llo w in g  p ro p e r  p lacem en t o f  th e  g r i d s ,  th e  g e l a t i n  was 
l i q u e f i e d  a t  60°C . G rid s  were th e n  p ic k ed  up , d r a in e d ,  and f l o a t e d  
s e c t i o n  s id e  down f o r  30 min on a 2% s o l u t i o n  o f  a c e t i c  a c i d ,  3 -5  min
on T r i s  b u f f e r  (pH 7 . 1 ) ,  and 30 min on d i s t i l l e d  w a te r ;  a l l  t r e a tm e n t s
o . . .b e in g  a t  60 C. S u c c e s s f u l l y  mounted s e r i e s  o f  t h i n  s e c t i o n s  were
p o s t s t a i n e d  f o r  15 min in  0.5% u r a n y l  a c e t a t e  ( i n  50% m e th a n o l)  and 
f o r  2 min in  0.4% le a d  c i t r a t e  (R ey n o ld s ,  1963 ). P o s t s t a i n i n g  t im es  
f o r  0 .2 5 - ,  0 . 5 - ,  and 1.0-jam t h i c k  s e c t i o n s  were 60, 75, and 90 m in, 
r e s p e c t i v e l y ,  i n  u r a n y l  a c e t a t e ;  30, 40, and 50 m in, r e s p e c t i v e l y ,  in  
le a d  c i t r a t e .  A l l  s e c t i o n s  ( t h i n  and t h i c k )  were s t a b i l i z e d  by c o a t ­
in g  them w i th  ca rb o n  a f t e r  p o s t s t a i n i n g .
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C o n v en t io n a l  T ra n s m is s io n  E l e c t r o n  M ic ro sc o p y . The s e r i a l  t h i n  
s e c t i o n s  were examined and p h o to g rap h ed  a t  an a c c e l e r a t i n g  p o t e n t i a l  
o f  80 kV w i th  a JEOL JEM-100S t r a n s m is s io n  e l e c t r o n  m ic ro s c o p e .  I n i t ­
i a l l y ,  s e r i a l  s e c t i o n s  th ro u g h  20 g roups  o r  c l u s t e r s  o f  c e l l s  were 
p h o to g rap h ed  a t  low m a g n i f i c a t i o n  (2 ,0 0 0  X ). E n la rg em en ts  o f  th e s e  
m ic ro g rap h s  were s t u d i e d ,  and i n d i v i d u a l  c e l l s  w ere  s e l e c t e d  f o r  de­
t a i l e d  r e c o n s t r u c t i o n .  Over 50 f u l l y  s e r i a l l y  s e c t io n e d  c e l l s  were 
cho sen , i n c lu d in g  r e p r e s e n t a t i v e  exam ples o f  c e l l s  s e c t io n e d  i n  d i f f ­
e r e n t  d i r e c t i o n s  ( i . e . ,  some had been  c r o s s - s e c t i o n e d  s e r i a l l y ,  some 
had been  s e c t i o n e d  l o n g i t u d i n a l l y ,  e t c . ) .  These d i f f e r i n g  s e c t i o n i n g  
d i r e c t i o n s  were s e l e c t e d  as an i n t e r n a l  c o n t r o l ,  s i n c e  r e c o n s t r u c t e d  
c e l l s  would be e x p e c te d  to  a p p e a r  s i m i l a r  r e g a r d l e s s  o f  how th e y  
o r i g i n a l l y  had been  s e c t i o n e d .  S e r i a l  s e c t i o n s  th ro u g h  each  o f  th e  
s e l e c t e d  c e l l s  were re p h o to g ra p h e d  a t  m a g n i f i c a t i o n s  s u f f i c i e n t  to  
r e s o lv e  th e  im p o r ta n t  c e l l  f e a t u r e s  (1 0 ,0 0 0 -2 0 ,0 0 0  X ) . These s e r i e s  
o f  m ic ro g ra p h s  (50-75  s e c t i o n s  f o r  each  c e l l )  w ere  th e n  u sed  in  th e  
c o m p u te r -a id ed  r e c o n s t r u c t i o n  p ro c e d u re s  d e s c r ib e d  below .
H ig h -V o ltag e  E l e c t r o n  M icroscopy  (HVEM). S e r i a l  t h i c k  s e c t i o n s  
( 0 .2 5 - ,  0 . 5 - ,  and l.O-jim) were examined and p h o to g rap h ed  a t  an a c c e l e r a ­
t i n g  p o t e n t i a l  o f  1 .0  MV w i th  an AEI M kll h i g h - v o l t a g e  t r a n s m is s io n  
e l e c t r o n  m ic ro sco p e .  The t h r e e  s e c t i o n  t h i c k n e s s e s  were compared and 
e v a lu a te d  i n  r e g a rd  to  t h e i r  s u i t a b i l i t y  f o r  use  in  t h r e e - d im e n s io n a l  
r e c o n s t r u c t i o n s .  I t  was d e te rm in e d  t h a t  th e  0.25-jim s e c t i o n s  were 
b e s t  s u i t e d  f o r  t h i s  p u rp o s e .  R e s o lu t io n  i n  th e  t h i c k e r  s e c t i o n s  was 
v e ry  good, b u t  e x c e s s iv e  o v e r l a p p in g  o f  dense  c e l l  f e a t u r e s  made i t  
d i f f i c u l t  to  see  a l l  o f  th e  s t r u c t u r a l  d e t a i l s  c l e a r l y .
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S e r i a l  t h i c k  (0 .25-um ) s e c t i o n s  c u t  i n  v a r io u s  d i r e c t i o n s  
th ro u g h  a p p ro x im a te ly  50 com ple te  c e l l s  were p h o to g rap h ed  as  s t e r e o  
p a i r s  to  f a c i l i t a t e  i n t e r p r e t a t i o n  o f  th e  t h r e e - d im e n s i o n a l  i n f o r ­
m a tio n  in  each  s e c t i o n .  S e le c t e d  s e c t i o n s  were a l s o  t i l t e d  abou t 
two p e r p e n d ic u l a r  axes  w i th  a d o u b l e - t i l t  go n io m ete r  s t a g e ,  in  o r d e r  
to  d e te rm in e  th e  e f f e c t  o f  t i l t i n g  on th e  c l a r i t y  o f  c e r t a i n  c e l l  
f e a t u r e s .  Views which b e s t  i l l u s t r a t e d  t h e s e  f e a t u r e s  and t h e i r  
th r e e - d im e n s i o n a l  c h a r a c t e r i s t i c s  were  th e n  p h o to g rap h ed  as s t e r e o  
p a i r s .  E n la rg em en ts  o f  a l l  HVEM m ic ro g rap h s  were s t u d i e d  e x t e n s i v e l y  
to  a n a ly z e  th e  t h r e e - d im e n s i o n a l  i n f o r m a t io n  c o n ta in e d  t h e r e i n .
Com puter-A ided R e c o n s t r u c t io n  o f  S e r i a l  T h in  S e c t io n s
R e c o n s t r u c t io n s  o f  s e r i a l l y  s e c t io n e d  c e l l s  were done w i th  th e  
CARTOS (Com puter-A ided R e c o n s t r u c t io n  by T ra c in g  o f  S e c t i o n s )  L oaner 
System d ev e lo p ed  i n  th e  l a b o r a t o r y  o f  Dr. Cyrus L e v in th a l  (D e p a r t ­
ment o f  B i o l o g i c a l  S c ie n c e ,  Computer G rap h ics  and Image P r o c e s s in g  
F a c i l i t y ,  Columbia U n i v e r s i t y ,  New Y ork, NY). The CARTOS com puter 
program  f o r  t h r e e - d im e n s i o n a l  r e c o n s t r u c t i o n  has been  d e s c r ib e d  p re v ­
i o u s l y  (Macagno e t  a l . ,  1979), as h a v in g  th e  s p e c i f i c  f e a t u r e s  o f  th e  
Loaner System ( s e e  "CARTOS", R esea rch  R esou rces  I n f o r m a t io n  C e n te r ,  
U .S . D ept, o f  H e a l th  and Human S e r v i c e s ,  N. I .  H. P u b l i c a t i o n  No. 
8 1 -2 2 8 9 ) .
P r i o r  t o  r e c o n s t r u c t i o n ,  each  o f  th e  s e r i e s  o f  e l e c t r o n  m ic ro ­
g rap h s  p roduced  above was c o n v e r te d  to  a 35-mm f i l m s t r i p  in  which 
each  frame d e p ic t e d  one s e c t i o n  i n  th e  s e r i e s .  The s e c t i o n s  were 
a l i g n e d  o p t i c a l l y  w i th  r e s p e c t  to  th e  X and Y axes ( i n  th r e e - d im e n ­
s i o n a l  s p a c e )  as  t h e s e  f i l m s t r i p s  were p ro d u ced . From p r o j e c t e d
images o f  each  f i l m s t r i p ,  t r a c i n g s  o f  s e l e c t e d  c e l l  f e a t u r e s  i n  each  
s e c t i o n  were e n t e r e d  i n t o  th e  com puter w i th  th e  a id  o f  an a u to m a t ic  
d i g i t a l i z i n g  d e v ic e .  The c e l l  f e a t u r e s  t r a c e d  f o r  each  s e r i e s  i n ­
c lu d e d :  ( i )  t h e  c y to p la s m ic  membrane o r  c e l l  o u t l i n e ,  ( i i )  th e  sp e c ­
i a l i z e d  i n c l u s i o n  b o d ie s  (ca rb o x y so m es , p o ly p h o sp h a te  b o d ie s ,  and 
l i p i d  b o d i e s ) ,  and ( i i i )  a l l  o f  th e  i n d i v i d u a l  t h y l a k o id  membranes. 
These f e a t u r e s  were a l l  e n te r e d  i n t o  s e p a r a t e  memory f i l e s  so t h a t  
th e  com puter co u ld  be programmed to  r e c o n s t r u c t  them i n d i v i d u a l l y  o r  
i n  c o m b in a t io n .  The com puter  was th e n  i n s t r u c t e d  to  d i s p l a y  t h r e e -  
d im e n s io n a l  r e c o n s t r u c t i o n s  o f  d e s i r e d  c e l l  f e a t u r e s  o r  c o m b in a tio n s  
t h e r e o f  on a v id e o  d i s p l a y  sy s tem . These r e c o n s t r u c t i o n s  were s t u d ­
i e d  v i s u a l l y  w h i le  b e in g  r o t a t e d  ab o u t  th e  X, Y, and Z axes  i n  o r d e r  
to  o b t a i n  a v a r i e t y  o f  e x t e r n a l  v iew s . The m ost e f f e c t i v e  and u n d e r ­
s t a n d a b le  o f  t h e s e  v iew s  were p h o to g rap h ed  d i r e c t l y  from th e  d i s p l a y  
s c r e e n  w i th  Kodak LPD-4, T r i -X ,  o r  Ektachrom e 160 f i l m .  S te re o  
p a i r s  o f  s e l e c t e d  r e c o n s t r u c t i o n s  were g e n e r a te d  by r o t a t i o n  abou t 
th e  v e r t i c a l  a x i s .  These  were p h o to g rap h ed  to  f a c i l i t a t e  v i s u a l i z a t ­
io n  o f  th r e e - d im e n s i o n a l  a r ra n g e m e n ts .
S tu d i e s  w i th  H a s t ig o c la d u s  lam in o su s
Organism
M a s t ig o c la d u s  lam in o su s  was o b ta in e d  from Dr. C.O. P a t t e r s o n  
(Texas A. & M. U n i v e r s i t y )  who o b ta in e d  i t  from th e  fo rm er In d ia n a  
U n iv e r s i t y  C u l tu re  C o l l e c t i o n  as  IUCC No. 1931 (now UTEX 1931). I t  
was i s o l a t e d  o r i g i n a l l y  by Dr. R. Lewin i n  A ugust ,  1961, from a h o t
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s p r in g  a t  H o erag e rd ,  I c e l a n d .  The c u l t u r e ,  as o b t a in e d ,  was co n tam i­
n a te d  w i th  b a c t e r i a .  I t  was i s o l a t e d  i n t o  a x e n ic  c u l t u r e  by r e p e a te d  
s t r e a k i n g  o f  b r i e f l y  s o n i c a t e d  c u l t u r e s  on to  a g a r  p l a t e s .  Lack o f  
c o n ta m in a t io n  was d e m o n s tra te d  by l a c k  o f  b a c t e r i a l  grow th when b r o th  
s u sp e n s io n s  were s u b c u l t u r e d  on n u t r i e n t  b r o th - t r y p to n e - S a b o u r a u d  
D ex tro se  medium and on medium B o f  S tev en s  e t  a l .  (1973) supp lem ented  
w i th  g lu c o s e ,  y e a s t  e x t r a c t ,  o r  Casamino a c i d s .
Growth o f  C u l tu r e s
o
Common In c u b a t io n  C o n d i t i o n s . A l l  c u l t u r e s  were  grown a t  46 C
in  l a r g e  g l a s s  grow th chambers (w ork ing  volum e: 1800 m l) d e v e lo p ed
by Mehta and S tev en s  ( u n p u b l i s h e d ) .  The i n c i d e n t  l i g h t  i n t e n s i t y
1 7  ” 2a t  th e  c e n t e r  o f  t h e s e  chambers was 5 .5  x 10A/ p E m  sec
NO^-Grown C u l t u r e s . N i t r a t e - g r o w n  (n o n h e te r o c y s t - f o r m in g )  
c u l t u r e s  were grown in  medium B o f  S tev en s  e t  a l .  (1 9 7 3 ) .  They were 
bub b led  c o n t in u o u s ly  w i th  s t e r i l e  5% ( v o l / v o l )  CO  ^ i n  a i r  to  keep 
th e  f i l a m e n t s  o f  c e l l s  i n  s u s p e n s io n  and to  p ro v id e  a so u rc e  o f  c a r b ­
on f o r  g row th . M atu re , e x p o n e n t i a l l y  grow ing c u l t u r e s  were used  in  
th e  m o rp h o lo g ic a l  and u l t r a s t r u c t u r a l  i n v e s t i g a t i o n s  d e s c r ib e d  be low .
N^-Grown C u l t u r e s . N itro g en -g ro w n  ( h e t e r o c y s t - f o r m in g )  c u l t u r e s  
were grown i n  medium B o f  S tev en s  e t  a l .  (1 9 7 3 ) ,  from w hich th e  sod­
ium n i t r a t e  was d e l e t e d  i n  o r d e r  to  s t i m u l a t e  h e t e r o c y s t  f o r m a t io n .  
C u l tu re s  were grown f i r s t  w h i le  b e in g  b u b b led  c o n t in u o u s ly  w i th  
s t e r i l e  5% ( v o l / v o l )  CC>2 i n  a i r .  E x p o n e n t i a l ly  growing c e l l s  from 
th e s e  c u l t u r e s  were th e n  in o c u l a t e d  i n t o  f r e s h  medium and grown w h i le
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b e in g  b u b b led  c o n t in u o u s ly  w i th  s t e r i l e  5% ( v o l / v o l )  CC>2 i n  oxygen- 
f r e e  N^. L ig h t  and e l e c t r o n  m ic r o s c o p ic a l  a s s a y s  ( s e e  below) showed 
t h a t  such c u l t u r e s  s t a b i l i z e d  w i th  r e s p e c t  to  t h e i r  m o rp h o lo g ica l  
and u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  w i t h i n  22 h a f t e r  i n o c u l a t i o n  
i n t o  f r e s h  medium. T h e i r  m o rp h o lo g ic a l  and u l t r a s t r u c t u r a l  c h a r a c ­
t e r i s t i c s  rem ained  r e l a t i v e l y  c o n s i s t e n t  as  long  as  th e  c u l t u r e s  
c o n t in u e d  to  grow e x p o n e n t i a l l y .  Samples were removed p e r i o d i c a l l y  
be tw een  22 and 33 h i n  o r d e r  to  ( i )  s tu d y  th e  m o rp h o lo g ic a l  and 
u l t r a s t r u c t u r a l  a s p e c t s  o f  th e  h e t e r o c y s t  d i f f e r e n t i a t i o n  p r o c e s s ,
( i i )  d e te rm in e  th e  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  m a tu re  h e t e r o ­
c y s t s ,  ( i i i )  examine p a t t e r n s  o f  m o rp h o g e n e s is ,  and ( i v )  d e te rm in e  
th e  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  ^ - g r o w n  v e g e t a t i v e  c e l l s  
( f o r  com parison  w i th  th o s e  o f  NO^-grown c e l l s ,  ab o v e ) .
N i t r o g e n - S ta r v e d  C u l t u r e s . N i t r o g e n - s t a r v e d  c u l t u r e s  were 
p roduced  by f i r s t  p r e p a r in g  N2 ~grown c u l t u r e s  as  d e s c r ib e d  above. 
A f te r  i n c u b a t io n  f o r  27 h i n  th e  p re s e n c e  o f  5% ( v o l / v o l )  CO2  in  
o x y g e n - f re e  N2 ( c o n t in u o u s  b u b b l in g )  th e  c u l t u r e s  w ere  sw i tch e d  
over to  c o n t in u o u s  b u b b l in g  w i th  5% ( v o l / v o l )  CO2  i n  a rgon  to  i n ­
duce n i t r o g e n  s t a r v a t i o n .  In c u b a t io n  i n  th e  p re s e n c e  o f  CC^/argon 
th e n  c o n t in u e d  f o r  44 h ,  d u r in g  which sam ples were w ithdraw n  p e r ­
i o d i c a l l y  f o r  th e  m o rp h o lo g ic a l  and u l t r a s t r u c t u r a l  a n a ly s e s  d e s ­
c r ib e d  below . This  was done to  a s s e s s  th e  e f f e c t s  o f  n i t r o g e n  
s t a r v a t i o n  on ( i )  th e  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  v e g e t a t i v e  
c e l l s ,  ( i i )  th e  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  h e t e r o c y s t s ,  
and ( i i i )  th e  m o rp h o lo g ic a l  a s p e c t s  o f  h e t e r o c y s t  deve lopm en t.
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D e te rm in a t io n  o f  M o rp h o lo g ic a l  C h a r a c t e r i s t i c s
L ig h t  M ic ro sc o p y . P h a s e - c o n t r a s t  l i g h t  m ic ro sco p y  o f  un­
s t a i n e d  wet mounts was u sed  to  m o n i to r  th e  g e n e r a l  m o rp h o lo g ic a l  
c h a r a c t e r i s t i c s  o f  th e  c u l t u r e s  (above)  and to  e n su re  t h a t  a 
r e p r e s e n t a t i v e  sam p lin g  o f  m o rp h o lo g ic a l  ty p e s  was seen  in  th e  
t r a n s m is s io n  e l e c t r o n  m ic r o s c o p i c a l  p r e p a r a t i o n s  (b e lo w ) .  Each 
sample (above)  was examined e x t e n s i v e l y  a t  m a g n i f i c a t io n s  r a n g in g  
from 400 to  1 ,000  X, and p h o to m ic ro g rap h s  o f  r e p r e s e n t a t i v e  f i e l d s  
were r e c o rd e d  on Kodak T e c h n ic a l  Pan F ilm  (T P -1 3 5 -3 6 ) . P ho to ­
g ra p h ic  e n la rg e m e n ts  o f  t h e s e  m ic ro g ra p h s  were compared to  th o s e  
o f  th e  e l e c t r o n  m ic ro g ra p h s  (be low ) in  o r d e r  to  a s s e s s  th e  th o ro u g h ­
n ess  and a c c u ra c y  o f  each  e l e c t r o n  m ic r o s c o p ic a l  a s s a y .
Scanning  E l e c t r o n  M ic ro sc o p y . The m o rp h o lo g ic a l  c h a r a c t e r ­
i s t i c s  o f  s e l e c t e d  sam ples  were examined by s c a n n in g  e l e c t r o n  
m icroscopy  o f  c r i t i c a l - p o i n t  d r i e d  whole c e l l  p r e p a r a t i o n s .  M ature 
c u l t u r e s  were c o l l e c t e d  on 0 .45-pm  M i l l i p o r e  f i l t e r s  ( M i l l i p o r e  
C o r p . , B ed fo rd ,  MA) and washed s e v e r a l  t im es  w i th  s t e r i l e  growth 
medium to  remove most o f  th e  e x t r a c e l l u l a r  s l im e  t h a t  su r ro u n d s  
th e  c e l l s .  The f i l t e r s  (w i th  c e l l s )  w ere  th e n  f i x e d  and c r i t i c a l -  
p o in t  d r i e d  as d e s c r ib e d  by B a lk w i l l  e t  a l .  (1 9 8 0 ) .  D ried  sam ples 
were s p u t t e r - c o a t e d  w i th  g o ld  and view ed w i th  an AMR-1000A sca n n ­
in g  e l e c t r o n  m ic ro sc o p e .  The r e s u l t s  were compared w i th  th o s e  
o b ta in e d  by p h a s e - c o n t r a s t  l i g h t  m ic ro sco p y  (above)  and t r a n s m i s s ­
io n  e l e c t r o n  m ic ro sco p y  (b e lo w ) .
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D e t e r m i n a t i o n  o f  U l t r a s t r u c t u r a l  C h a r a c t e r i s t i c s
P r e p a r a t i o n  o f  S am p le s . The d e t a i l e d  u l t r a s t r u c t u r a l  c h a r a c ­
t e r i s t i c s  o f  each  sample  were d e te r m in e d  by t r a n s m i s s i o n  e l e c t r o n  
m ic roscopy  o f  t h i n - s e c t i o n e d  p r e p a r a t i o n s .  Two f i x a t i o n  p r o c e d u r e s  
were  u sed  to  p r e p a r e  t h e  samples  f o r  t h i n  s e c t i o n i n g :  t h e  ru th e n iu m  
re d  p ro c e d u r e  and th e  g lu t a r a ld e h y d e - o s m iu m  t e t r o x i d e  p r o c e d u r e .  
These were pe r fo rm ed  as  i n  t h e  s t u d i e s  w i th  A. q u a d r u p l i c a t u m  ( s e e  
a b o v e ) . Samples from b o th  f i x a t i o n s  were d e h y d r a t e d  th ro u g h  a 
g raded  e t h a n o l  s e r i e s  and embedded i n  S p u r r ' s  l o w - v i s c o s i t y  epoxy 
r e s i n  ( S p u r r ,  1969) .  Th in  s e c t i o n s  were  c u t  w i th  a Diatome diamond 
k n i f e  (M. J .  0.  Diatome, I n c . ,  F o r t  W ash ing ton ,  PA) on an LKB 
U l t r a to m e  I I I  u l t r a m i c r o t o m e .  The s e c t i o n s  were  mounted on fo r m v a r -  
c o a t e d ,  c a r b o n - s t a b i l i z e d ,  200-mesh, copper  spec imen  g r i d s .  Mount­
ed s e c t i o n s  were p o s t s t a i n e d  f o r  15 min w i t h  0.5% u r a n y l  a c e t a t e  
( i n  50% m e th a n o l )  and f o r  2 min w i th  0.4% l e a d  c i t r a t e  (R eyno lds ,  
1963).
Both f i x a t i o n  p r o c e d u r e s  gave e q u i v a l e n t  r e s u l t s ,  t h e r e b y  
i n s u r i n g  t h a t  a r t i f a c t u a l  s t r u c t u r e s  were  n o t  b e in g  o b s e r v e d .  
M icrographs  from th e  g lu t a r a ld e h y d e -O s O ^  f i x a t i o n  were  chosen  f o r  
t h e  i l l u s t r a t i o n s  i n  t h i s  r e p o r t .
T r a n s m is s i o n  E l e c t r o n  M ic r o sc o p y . Thin  s e c t i o n s  were v iewed 
and p ho tog raphed  w i th  a JEOL JEM-100S t r a n s m i s s i o n  e l e c t r o n  m ic r o ­
scope ,  o p e r a t i n g  a t  an a c c e l e r a t i n g  p o t e n t i a l  o f  80 kV. Each 
sample was examined e x t e n s i v e l y  to  a s s e s s  t h e  v a r i e t y  o f  morpho­
l o g i c a l  and u l t r a s t r u c t u r a l  f e a t u r e s  p r e s e n t .  More th a n  2 ,500 
e l e c t r o n  m ic ro g ra p h s  o f  r e p r e s e n t a t i v e  c e l l s  o r  f i e l d s  were th e n
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t a k e n  t o  document t h e s e  f e a t u r e s .  The r e s u l t s  were  a n a ly z e d  by 
s t u d y i n g  p h o to g r a p h ic  e n l a r g e m e n ts  o f  th e  m i c r o g r a p h s .  Q u a n t i ­
t a t i v e  d a t a  ( su c h  as  t h e  numbers o f  i n c l u s i o n  b o d ie s  p e r  s e c t i o n )  
were t a k e n  o n ly  from l o n g i t u d i n a l  s e c t i o n s  t h a t  a p p ea red  to  
t r a v e r s e  t h e  c e n t e r  o f  t h e  c e l l .  At l e a s t  30-50 such s e c t i o n s  
were examined i n  each c a s e .
I I I .  RESULTS
The T h ree -D im e n s io n a l  U l t r a s t r u c t u r e  o f  Agmenellum
q u a d r u p l i c a t u m
G e n e ra l  Morphology and B a s ic  U l t r a s t r u c t u r a l  F e a t u r e s
The b a s i c  morphology o f  A. q u a d r u p l i c a t u m , as d e te r m in e d  by 
l i g h t  and e l e c t r o n  m ic ro s c o p y ,  i s  shown i n  F i g .  1. The c e l l s  
were r o d - s h a p e d ,  r a n g i n g  from 1 .5  to  2 .6  jim i n  d i a m e t e r  and 2 .5  
t o  5 .2  ;im i n  l e n g t h .  Each c e l l  c o n s i s t e d  o f  a c e n t r a l ,  c y l i n ­
d r i c a l  body w i th  two h e m i s p h e r i c a l  p o l e s .  The p o i n t s  a t  which 
t h e  c e n t r a l  l o n g i t u d i n a l  a x i s  i n t e r s e c t e d  t h e  h e m i s p h e r i c a l  
p o l e s  a r e  r e f e r r e d  to  ( a r b i t r a r i l y )  as t h e  t i p s  o f  t h e  c e l l  i n  
th e  d e t a i l e d  r e s u l t s  p r e s e n t e d  below.
For  a n a l y s i s  o f  t h r e e - d i m e n s i o n a l  u l t r a s t r u c t u r e ,  i t  was 
n e c e s s a r y  t o  d e f i n e  t h e  v a r i o u s  ways i n  which t h i n  o r  t h i c k  s e c t ­
io n s  c o u ld  p a s s  t h ro u g h  a t y p i c a l  A. q u a d r u p l i c a t u m  c e l l .  The 
f o l l o w i n g  ty p e s  of  s e c t i o n s  were i d e n t i f i e d  and a r e  i l l u s t r a t e d  
d i a g r a m m a t i c a l l y  i n  F i g .  2: ( i )  c r o s s  s e c t i o n s ,  which ru n  p e r ­
p e n d i c u l a r  t o  t h e  c e n t r a l  l o n g i t u d i n a l  a x i s ;  ( i i )  l o n g i t u d i n a l  
s e c t i o n s ,  which ru n  p a r a l l e l  to  th e  c e n t r a l  l o n g i t u d i n a l  a x i s ;  
( i i i )  c e n t r a l  l o n g i t u d i n a l  s e c t i o n s ,  which ru n  b o th  p a r a l l e l  to  
and d i r e c t l y  th ro u g h  t h e  c e n t r a l  l o n g i t u d i n a l  a x i s ;  and ( i v )  
o b l i q u e  s e c t i o n s ,  which ru n  n e i t h e r  p e r p e n d i c u l a r  n o r  p a r a l l e l  
t o  t h e  c e n t r a l  l o n g i t u d i n a l  a x i s .
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F i g u r e  1. Diagram i l l u s t r a t i n g  th e  b a s i c  m o rp h o lo g ic a l  
f e a t u r e s  o f  a t y p i c a l  A. q u a d r u p l i c a t u m  c e l l .  
CB = c e n t r a l ,  c y l i n d r i c a l  body; CLA = c e n t r a l  
l o n g i t u d i n a l  a x i s ;  HP = h e m i s p h e r i c a l  p o l e s ;  
TC = t i p s  o f  c e l l .
F i g u r e  2.  Diagram i l l u s t r a t i n g  th e  v a r i o u s  ways i n  which 
s e c t i o n s  co u ld  pa ss  th ro u g h  a t y p i c a l  A. quad­
r u p l i c a t u m  c e l l .  CLS = c e n t r a l  l o n g i t u d i n a l  
s e c t i o n ;  CS = c r o s s  s e c t i o n ;  LS = l o n g i t u d i n a l  













The b a s i c  u l t r a s t r u c t u r a l  f e a t u r e s  o f  A. q u a d r u p l i c a t u m  were 
u s u a l l y  v i s i b l e  i n  c e n t r a l  l o n g i t u d i n a l  s e c t i o n s  ( F i g .  3 ) .  A l l  
c e l l s  p o s s e s s e d  an e x t r a c e l l u l a r  s l im e  l a y e r  o r  g l y c o c a l y x  ( B a lk -  
w i l i  and S t e v e n s ,  1980a) and a G ram -nega t ive  c e l l  en v e lo p e  i d e n t i ­
c a l  t o  t h o s e  found ,i n  o t h e r  c y a n o b a c t e r i a  ( S t a n i e r  and C o h e n - B a z i r e , 
1977; Wolk, 1973).  The l a t t e r  c o n s i s t e d  o f  t h r e e  s u b s t r u c t u r e s :  
an o u t e r  membrane, a p e p t i d o g l y c a n  l a y e r ,  and t h e  c y to p la s m ic  mem­
b ra n e  o r  "p lasmalemma." The i n t e r i o r  o f  t h e  c e l l  i n c l u d e d  a c e n t ­
r a l  c y t o p la s m ic  r e g i o n  t h a t  a p p ea re d  t o  be s u r ro u n d e d  by a  p e r i p h ­
e r a l  sy s tem  o f  p h o t o s y n t h e t i c  t h y l a k o i d  membranes.  S e v e r a l  s p e c ­
i a l i z e d  i n c l u s i o n  b o d ie s  were  commonly p r e s e n t  i n  a d d i t i o n  to  nu­
c l e a r  m a t e r i a l  and r ib o s o m e s .  These were:  p o ly p h o s p h a te  b o d ie s  
(B a x te r  and J e n s e n ,  1980; J e n s e n ,  1968, 1969; J e n s e n  e t  a l . ,  1977),  
carboxysomes o r  " p o l y h e d r a l  b o d i e s "  (Codd and S t e w a r t ,  1976; S h i v e l y ,  
1974; S t e w a r t  and Codd, 1975; Wolk, 1973) ,  g lyco g en  g r a n u l e s  o r  
" © ^ -g r a n u le s "  (Chao and Bowen, 1971; P a n k r a t z  and Bowen, 1963; Wolk, 
1973),  and l i p i d  b o d ie s  o r  " ^ - g r a n u l e s "  (Edwards e t  a l . ,  1968; 
P a n k r a t z  and Bowen, 1963; Wolk, 1973).  As i n  p r e v i o u s  i n v e s t i g a t ­
io n s  w i t h  A. q u a d r u p l i c a t u m  (H ard ie  e t  a l . ,  1983a, b ;  S tevens  e t  a l . ,  
1981a, b)  and o t h e r  u n i c e l l u l a r  c y a n o b a c t e r i a  ( S t a n i e r  and Cohen- 
B a z i r e ,  1977),  i n d i v i d u a l  p h y c o b i l i s o m es  ( G a n t t ,  1981; G l a z e r ,  1982) 
were u s u a l l y  n o t  r e s o l v e d .
L o c a t i o n  o f  S p e c i a l i z e d  I n c l u s i o n  Bodies  i n  t h e  C e l l
I n d i v i d u a l  s e c t i o n s  l i k e  t h e  one shown i n  F i g .  3 g e n e r a l l y  




F i g u r e  3. C e n t r a l  l o n g i t u d i n a l  t h i c k  s e c t i o n  (0.25- /im) 
t h ro u g h  t y p i c a l  A. q u a d r u p l i c a t u m  c e l l .
Bar  = 1 . 0  pm. C = carboxysome; EG = e x t r a ­
c e l l u l a r  g l y c o c a l y x ;  L = l i p i d  body; P = 






l i c a t u m  q u i t e  c l e a r l y ,  b u t  conveyed r e l a t i v e l y  l i t t l e  i n f o r m a t i o n  
ab o u t  t h e  t h r e e - d i m e n s i o n a l  d i s t r i b u t i o n  o f  t h e s e  s t r u c t u r e s  t h r o u g h ­
o u t  t h e  c e l l .  By s t u d y i n g  l a r g e  numbers o f  randomly c u t  s e c t i o n s ,  
i t  was p o s s i b l e  t o  make o n ly  g e n e r a l  i n f e r e n c e s  r e g a r d i n g  t h e  l o c a t ­
i o n  o f  i n c l u s i o n  b o d i e s ;  some ap p ea re d  t o  be c e n t r a l l y  l o c a t e d  w h i l e  
o t h e r s  ap p ea re d  t o  be p e r i p h e r a l .  D e f i n i t i v e  i n f o r m a t i o n  ab o u t  t h e  
t h r e e - d i m e n s i o n a l  d i s t r i b u t i o n  o f  i n c l u s i o n s  co u ld  be o b t a i n e d  on ly  
by examining  s e r i a l  s e c t i o n s  t h ro u g h  com ple te  c e l l s .
The use  o f  HVEM and 0 .25-pm t h i c k  s e c t i o n s  g r e a t l y  f a c i l i t a t e d  
d e t e r m i n a t i o n  o f  t h e  t h r e e - d i m e n s i o n a l  l o c a t i o n s  o f  i n c l u s i o n  b o d ie s  
i n  two ways: ( i )  t h e  r e l a t i v e l y  t h i c k  s e c t i o n s  made i t  p o s s i b l e  t o  
examine an e n t i r e  c e l l  q u i c k l y  b e c a u s e  on ly  a few s e c t i o n s  were  r e ­
q u i r e d  to  pass ,  th ro u g h  each  c e l l  and ( i i )  t h e  t h i c k  s e c t i o n s  had 
s u f f i c i e n t  d e p th  t o  f a c i l i t a t e  s t e r e o  a n a l y s i s  o f  t h e  t h r e e - d i m e n ­
s i o n a l  i n f o r m a t i o n  c o n t a i n e d  w i t h i n  each s e c t i o n .  A t y p i c a l  s e r i e s  
o f  0.25-}im s e c t i o n s  t h ro u g h  a com ple te  c e l l  i s  shown i n  F i g .  4 .
I t  can  be seen  t h a t  t h e  d i s t r i b u t i o n  o f  i n c l u s i o n  b o d ie s  w i t h i n  t h e  
c e l l  i s  d e t e r m in e d  e a s i l y  by examin ing  such a s e r i e s  o f  s e c t i o n s .  
E x am ina t ion  o f  more t h a n  50 c e l l s  i n  t h i s  way showed t h a t  n u c l e a r  
m a t e r i a l ,  p o ly p h o s p h a te  b o d i e s ,  and carboxysomes were l o c a t e d  on ly  
i n  t h e  c e n t r a l  c y to p l a s m ic  p o r t i o n  o f  t h e  c e l l .  They were u s u a l l y  
p o s i t i o n e d  a lo n g  t h e  c e n t r a l  l o n g i t u d i n a l  a x i s  and were n e v e r  s i t u ­
a t e d  among t h e  t h y l a k o i d  membranes.  P o ly p h o sp h a te  b o d ie s  and c a r ­
boxysomes were i n t e r s p e r s e d  w i th  each o t h e r ,  so t h a t  d i r e c t  c o n t a c t  
be tween t h e s e  two ty p es  o f  i n c l u s i o n s  o c c u r r e d  f r e q u e n t l y .  Each 
c e l l  c o n t a i n e d  an a v e r ag e  o f  s i x  carboxysomes and f i v e  p o ly p h o s p h a te
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F i g u r e  4 .  S e r i e s  o f  o b l i q u e  (a lm o s t  l o n g i t u d i n a l )  t h i c k  
(0 .25-j im) s e c t i o n s  th rough  e n t i r e  A. quadrup­
l i c a t u m  c e l l ,  i l l u s t r a t i n g  t h r e e - d i m e n s i o n a l  
d i s t r i b u t i o n  o f  s p e c i a l i z e d  i n c l u s i o n  b o d ie s  
t h r o u g h o u t  t h e  c e l l .  Bar = 1 .0  jim. C = 
carboxysome; L = l i p i d  body; P = p o ly p h o s p h a te  
b o d y .
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b o d ie s  ( r a n g e s  4 - 1 0  and 4 - 6 ,  r e s p e c t i v e l y ) .  P o ly p h o sp h a te  b o d ie s  
v a r i e d  i n  d i a m e t e r ,  b u t  t h e r e  was no c o r r e l a t i o n  between t h e i r  s i z e  
and t h e  number p e r  c e l l .  The c e n t r a l  c y to p la s m ic  r e g i o n  c o n t a i n i n g  
t h e s e  two i n c l u s i o n s  was e s s e n t i a l l y  an i n d e p en d e n t  compar tment w i t h ­
i n  t h e  c e l l ,  s i n c e  i t  was c o m p le te ly  s u r ro u n d e d  by th e  in n e rm o s t  p a i r  
o f  membranes i n  t h e  t h y l a k o i d  sys tem .  D i r e c t  c o n t a c t  be tween  th e  
c y to p la s m ic  i n c l u s i o n s  and t h e s e  t h y l a k o i d s  was seldom s e e n ,  however,  
b ecau se  t h e  i n c l u s i o n s  were  a lm os t  a lways  s u r ro u n d e d  by r ib o so m e s .
For t h e  most p a r t ,  t h e  r ibosom es  were a l s o  c o n f in e d  t o  t h e  c e n t r a l  
c y to p la sm  and f i l l e d  t h e  a r e a s  n o t  occup ied  by i n c l u s i o n s .  Glycogen 
g r a n u l e s ,  l i p i d  b o d i e s ,  and t h e  t h y l a k o i d s  th e m se lv e s  were l o c a t e d  
o n ly  w i t h i n  th e  p e r i p h e r a l  t h y l a k o i d  membrane sys tem  t h a t  s u r ro u n d e d  
th e  c e n t r a l  c y t o p l a s m i c  r e g i o n .  Glycogen g r a n u l e s  were d i s p e r s e d  
be tween th e  membrane p a i r s  th ro u g h o u t  t h e  e n t i r e  t h y l a k o i d  sys tem ,  
b u t  l i p i d  b o d ie s  were a lways  p o s i t i o n e d  s p e c i f i c a l l y  between th e  
c y t o p la s m ic  membrane and th e  o u t e r m o s t ' p a i r  o f  t h y l a k o i d  membranes. 
The a v e r ag e  number o f  l i p i d  b o d ie s  i n  each c e l l  was 17 ( r a n g e :
1 4 -2 2 ) .  They were l o c a t e d  abou t  t h e  e n t i r e  p e r i p h e r y  o f  t h e  c e l l ,  
i n c l u d i n g  th e  h e m i s p h e r i c a l  p o l e s .  U n l ike  t h e  i n c l u s i o n s  l o c a t e d  i n  
t h e  c e n t r a l  c y to p la sm ,  l i p i d  b o d ie s  were f r e q u e n t l y  i n  c l o s e  a s s o c ­
i a t i o n  w i th  th e  o u te rm o s t  p a i r  o f  t h y l a k o i d  membranes.
R e c o n s t r u c t i o n  o f  s e r i a l  t h i n  s e c t i o n s  w i t h  t h e  CARTOS sys tem  
n o t  on ly  conf i rm ed  th e  HVEM r e s u l t s  d e s c r i b e d  above ,  b u t  a l s o  h e l p e d  
s i g n i f i c a n t l y  to  i l l u s t r a t e  th e  comple te  t h r e e - d i m e n s i o n a l  a r r a n g e ­
ment o f  i n c l u s i o n  b o d ie s  w i t h i n  whole  c e l l s .  Th is  was done most 
e f f e c t i v e l y  by d i s p l a y i n g  t h e  i n c l u s i o n s  a g a i n s t  a background o f  d o t s
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r e p r e s e n t i n g  t h e  o u t l i n e  o f  t h e  c e l l  s u r f a c e .  The d i f f e r e n c e  be tween 
s t r i c t l y  p e r i p h e r a l  i n c l u s i o n s  ( such  as  l i p i d  b o d i e s ;  F i g .  5) and 
s t r i c t l y  c e n t r a l  i n c l u s i o n s  ( such  as c a rboxysom es ; F i g .  6) was q u i t e  
obv ious  when t h i s  was done. D i f f e r e n t  t y p e s  o f  i n c l u s i o n s  co u ld  be 
shown i n  s i n g l e  r e c o n s t r u c t i o n s  w i t h o u t  c o n f u s i o n  ( F i g .  7) by i l l u s ­
t r a t i n g  each  ty p e  w i t h  a s p e c i f i c  d i s p l a y  mode ( i . e . ,  s o l i d  l i n e s ,  
d o t t e d  l i n e s ,  e t c . ) .  V i s u a l  u n d e r s t a n d i n g  o f  i n t r a c e l l u l a r  a r r a n g e ­
ments  co u ld  t h e n  be f u r t h e r e d  by r o t a t i n g  such r e c o n s t r u c t i o n s  abou t  
t h r e e  p e r p e n d i c u l a r  axes  i n  o r d e r  t o  p r o v i d e  a  v a r i e t y  o f  e x t e r n a l  
v iews ( F i g s .  5 - 7 ) .
T h ree -D im en s io n a l  Arrangement  o f  t h e  P h o t o s y n t h e t i c  T hy lak o id  Mem­
b r a n e  System
G e n e ra l  C h a r a c t e r i s t i c s  o f  t h e  T h y lak o id  System and i t s  Mem­
b ra n e s  . The o v e r a l l  t h r e e - d i m e n s i o n a l  a r ra n g em en t  o f  t h e  t h y l a k o i d  
membrane sys tem  i n  A. q u a d r u p l i c a t u m  was d e te r m in e d  w i th  CARTOS r e ­
c o n s t r u c t i o n s  o f  s e r i a l  t h i n  s e c t i o n s .  The com ple te  t h y l a k o i d  s y s ­
tem c o n s i s t e d  o f  4 -6  p a i r s  o f  membrane s h e e t s  which t r a v e r s e d  th e  
e n t i r e  l o n g i t u d i n a l  a x i s  o f  t h e  c e l l  ( s e e  F i g .  3 ) .  The s h e e t - l i k e  
n a t u r e  o f  t h e  i n d i v i d u a l  membranes and t h e  e x t e n t  t o  which t h e s e  
s h e e t s  s p re a d  th r o u g h o u t  t h e  c e l l  were  n e v e r  a p p a r e n t  from i n d i v i d ­
u a l  t h i n  o r  t h i c k  s e c t i o n s .  They were  s ee n  c l e a r l y ,  however,  i n  
CARTOS r e c o n s t r u c t i o n s  made by t r a c i n g  a s i n g l e  t h y l a k o i d  p a i r  
t h ro u g h o u t  t h e  e n t i r e  c e l l .  F i g u r e  8 i l l u s t r a t e s  s e v e r a l  v iews o f  
such a r e c o n s t r u c t i o n  p roduced  by t r a c i n g  t h e  in n e rm o s t  t h y l a k o i d  
p a i r  f a c i n g  t h e  c e n t r a l  cy to p la sm .  Both t h e  s h e e t - l i k e  n a t u r e  o f
52
F ig u r e  5.
F ig u r e  6.
S t e r e o  p a i r  o f  CARTOS r e c o n s t r u c t i o n  
d e p i c t i n g  t h e  l o c a t i o n s  o f  l i p i d  b o d ie s  
t h r o u g h o u t  an e n t i r e  A. q u a d r u p l i c a t u m  
c e l l .  L i p id  b o d ie s  a r e  r e p r e s e n t e d  by 
sm a l l  c i r c l e s ;  c e l l  o u t l i n e  i s  r e p r e ­
s e n t e d  by d o t s .  Note p e r i p h e r a l  l o c a t i o n  
o f  a l l  l i p i d  b o d i e s .
S t e r e o  p a i r  o f  CARTOS r e c o n s t r u c t i o n  
d e p i c t i n g  t h e  l o c a t i o n s  o f  carboxysomes 
t h r o u g h o u t  an e n t i r e  A. q u a d r u p l i c a t u m  
c e l l  (same c e l l  as  i n  F i g .  5 ) .  Carboxy­
somes a r e  r e p r e s e n t e d  by c i r c l e s ;  c e l l  
o u t l i n e  i s  r e p r e s e n t e d  by d o t s .  Compare 
c e n t r a l  l o c a t i o n  o f  t h e s e  i n c l u s i o n s  w i th  
p e r i p h e r a l  l o c a t i o n  o f  l i p i d  b o d ie s  
( F i g .  5 ) .
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F i g u r e  7. S t e r e o  p a i r s  o f  CARTOS r e c o n s t r u c t i o n  d e p i c t ­
ing  th e  l o c a t i o n s  o f  t h r e e  t y p e s  o f  s p e c i a l i z e d  
i n c l u s i o n  b o d ie s  i n  t h e  c y l i n d r i c a l  p o r t i o n  o f  
a t y p i c a l  A. q u a d r u p l i c a t u m  c e l l .  C e l l  o u t l i n e  
i s  r e p r e s e n t e d  by d o t s .  Carboxysomes (heavy  
d o t s )  and p o ly p h o s p h a te  b o d ie s  ( l a r g e  s o l i d  
c i r c l e s )  a r e  c e n t r a l l y  l o c a t e d .  L i p i d  b o d ie s  
( s m a l l  s o l i d  c i r c l e s )  a r e  p e r i p h e r a l l y  l o c a t e d .  
Three  d i f f e r e n t  v iews o f  t h e  same r e c o n s t r u c t ­
i o n  a r e  i l l u s t r a t e d .
a .  C e l l  v iewed a lo n g  i t s  c e n t r a l  l o n g i t u d i n a l  
a x i s .
b .  C e l l  v iewed from t h e  s i d e .
c .  C e l l  v iewed a t  an o b l i q u e  a n g l e .
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F ig u r e  8. S t e r e o  p a i r s  o f  CARTOS r e c o n s t r u c t i o n  d e p i c t ­
in g  th e  a r ra n g em en t  o f  t h e  in n e rm o s t  comple te  
t h y l a k o i d  membrane ( s o l i d  l i n e s )  w i t h i n  a 
t y p i c a l  A. q u a d r u p l i c a t u m  c e l l  ( o u t l i n e  r e p ­
r e s e n t e d  by d o t s ) .  I t  i s  i m p o r t a n t  to  r e a l i z e  
t h a t  t h e  c o n t o u r  l i n e s  d e l i n e a t i n g  t h e  t h y l a ­
k o id  a c t u a l l y  r e p r e s e n t  c o n t i n u o u s ,  c l o s e d  
s h e e t s  o f  membranous m a t e r i a l .  Note t h a t  
t h y l a k o i d  e n t i r e l y  s u r ro u n d s  c e n t r a l  c y t o p l a s ­
mic r e g i o n  o f  t h e  c e l l  and t a p e r s  toward  each 
c e l l  p o l e .  Three  d i f f e r e n t  v iews o f  t h e  same 
r e c o n s t r u c t i o n  a r e  i l l u s t r a t e d :
a .  C e l l  v iewed from t h e  s i d e .
b .  C e l l  v iewed s l i g h t l y  o f f  c e n t r a l  
l o n g i t u d i n a l  a x i s .






t h e  membranes and t h e  f a c t  t h a t  t h e y  su r ro u n d  e n t i r e l y  t h e  c e n t r a l  
c y to p la s m ic  r e g i o n  (a s  s t a t e d  e a r l i e r )  a r e  e v i d e n t .  By i n d i v i d ­
u a l l y  r e c o n s t r u c t i n g  each o f  t h e  4 -6  p a i r s  o f  membranes found i n  a 
com ple te  t h y l a k o i d  sy s te m ,  i t  was shown t h a t  ev e ry  one o f  them en­
t i r e l y  s u r ro u n d e d  th e  c e n t r a l  c y to p la s m ic  r e g i o n  as  d e p i c t e d  i n  
F i g .  8.  The c e n t r a l  c y to p la sm ,  t h e n ,  a p p ea re d  t o  be an i s o l a t e d  
and in d e p e n d e n t  compar tment i n  t h e  c e n t e r  o f  t h e  c e l l .
Arrangement o f  t h e  Complete  T h y lak o id  System i n  t h e  C y l in ­
d r i c a l  P o r t i o n  o f  t h e  C e l l .  The t h r e e - d i m e n s i o n a l  a r ra n g em en t  o f  
t h e  com ple te  t h y l a k o i d  sys tem  i n  t h e  c y l i n d r i c a l  p o r t i o n  o f  th e  
c e l l  was b e s t  a p p r e c i a t e d  by s t u d y i n g  t h e  p a t t e r n  formed by t h e  
membranes i n  t h i n  o r  t h i c k  c r o s s  s e c t i o n s .  T h ick  s e c t i o n s  were 
b e t t e r  s u i t e d  f o r  t h i s  p u rp o se  b e c a u s e  t h e  t h y l a k o i d s  were more 
d i s t i n c t l y  and c o m p le t e ly  r e v e a l e d  t h a n  they  were  i n  t h i n  s e c t i o n s .  
I n  b o th  c a s e s ,  however,  i t  was f i r s t  n e c e s s a r y  t o  d e te r m in e  j u s t  
what t h e  membrane p a t t e r n  r e a l l y  was,  s i n c e  i t  ap p ea re d  to  v a r y  
c o n s i d e r a b l y  from one s e c t i o n  to  a n o t h e r  ( F i g .  9 ) .  T h i s  im p l ie d  
t h a t  th e  a r ran g em en t  o f  t h e  t h y l a k o i d  sys tem  was n o t  c o n s i s t e n t  
from one c e l l  t o  a n o t h e r .  When c r o s s  s e c t i o n s  were t i l t e d  abou t  
two p e r p e n d i c u l a r  axes  w i t h  a d o u b l e - t i l t  gon io m e te r  s t a g e  i n  th e  
HVEM, however ,  t h e  a p p e a ra n c e  o f  t h e  t h y l a k o i d s  changed d r a s t i c a l l y  
as th e  v iew in g  a n g le  v a r i e d  ( F i g .  1 0 ) .  I t  was a l s o  d i s c o v e r e d  
t h a t ,  by t i l t i n g  s e c t i o n s  i n  t h i s  way, one co u ld  a lways f i n d  a 
c o m b in a t io n  o f  t i l t  a n g le s  t h a t  made th e  t h y l a k o i d s  a p p e a r  as  shown 
i n  F i g .  11. A f t e r  t i l t i n g ,  t h e n ,  t h e  a r ran g em en t  o f  t h e  t h y l a k o i d
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F i g u r e  9 .  T h ick  (0 .25-pm ) c r o s s  s e c t i o n s  o r  n e a r  c r o s s  
s e c t i o n s  t h ro u g h  A. q u a d r u p l i c a t u m  c e l l s ,  
d e p i c t i n g  a p p a r e n t  c e l l - t o - c e l l  v a r i a t i o n  
i n  t h e  a r ran g em en t  o f  t h e  t h y l a k o i d  membrane 
sy s tem .  Bars  = 1 .0  ym.
F i g u r e  10. T h ick  (0.25-jum) c r o s s  s e c t i o n  th ro u g h  A.
q u a d r u p l i c a t u m  c e l l ,  as v iewed from two 
d i f f e r e n t  d i r e c t i o n s  a f t e r  t i l t i n g  ab o u t  
two p e r p e n d i c u l a r  axes  w i t h  a d o u b l e - t i l t  
g o n io m e te r  s t a g e  i n  t h e  HVEM. Note how 
a p p ea ra n ce  o f  t h e  t h y l a k o i d  membranes 
changes  as t h e  v iew in g  a n g le  v a r i e s .
Bars = 1 .0  pm.
a .  T i l t  a n g l e s :  - 1 5 °  ab o u t  v e r t i c a l  a x i s ;  
0°  ab o u t  h o r i z o n t a l  a x i s .
b .  T i l t  a n g l e s :  +19° ab o u t  v e r t i c a l  a x i s ;  




F i g u r e  11. T h ick  (0 .25-pm) c r o s s  s e c t i o n  th ro u g h  th e  
c y l i n d r i c a l  p o r t i o n  o f  a t y p i c a l  A. quad­
r u p l i c a t u m  c e l l ,  d e p i c t i n g  t h e  t h y l a k o i d  
a r ran g em en t  t h a t  co u ld  be found c o n s i s t ­
e n t l y  i n  c r o s s  s e c t i o n s  o r  n e a r  c r o s s  
s e c t i o n s  a f t e r  t i l t i n g  t h e s e  s e c t i o n s  
ab o u t  two p e r p e n d i c u l a r  a x e s . T h y lak o id s  
t e n d  t o  c o a l e s c e  and app roach  t h e  edge o f  
t h e  c e l l  a t  t h r e e  p e r i p h e r a l  l o c i  ( a r r o w s ) ,  
p ro d u c in g  a p a t t e r n  s i m i l a r  t o  a s e r i e s  o f  
c o n c e n t r i c  t r i a n g l e s .  Bar = 0 .5  /im.
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sys tem  d i d  n o t  ap p ea r  t o  v a r y  from one s e c t i o n  t o  a n o t h e r .  The t h y -  
l a k o i d  membranes a lways c o a l e s c e d  and approached  th e  c y to p la s m ic  
membrane a t  t h r e e  p e r i p h e r a l  l o c i  ( F i g .  11).  The r e s u l t i n g  t h y l a -  
k o id  p a t t e r n  was s i m i l a r  t o  a s e r i e s  o f  c o n c e n t r i c  t r i a n g l e s ,  e x ce p t  
t h a t  t h e y  were n o t  t r u l y  c o n c e n t r i c  a t  t h e i r  c o r n e r s .  Because t h i s  
p a t t e r n  was somet imes  s ee n  i n  u n t i l t e d  s e c t i o n s ,  i t  was assumed t h a t  
i t  r e p r e s e n t e d  th e  t r u e  a r ran g em en t  o f  t h y l a k o i d  membranes i n  a l l  
c r o s s  s e c t i o n s .  T i l t i n g  m e r e ly  s e r v e d  t o  compensa te  f o r  s l i g h t  
v a r i a t i o n s  i n  t h e  way i n  which a p p a r e n t  c r o s s  s e c t i o n s  a c t u a l l y  
pa s se d  th ro u g h  t h e  c e l l .  The a r ran g em en t  o f  t h e  t h y l a k o i d  sys tem 
i n  t h e  c y l i n d r i c a l  p o r t i o n  o f  A. q u a d r u p l i c a t u m , t h e n ,  was q u i t e  
c o n s i s t e n t  from one c e l l  t o  a n o t h e r ,  e x c e p t  f o r  one m inor  v a r i a t i o n  
t h a t  w i l l  be d e s c r i b e d  be low .
The t h y l a k o i d  p a t t e r n  d e s c r i b e d  above was seen  i n  each  s e c t i o n  
( a f t e r  a p p r o p r i a t e  t i l t i n g ,  i f  n e c e s s a r y )  when s e r i a l  t h i c k  o r  t h i n  
s e c t i o n s  th rough  th e  e n t i r e  c y l i n d r i c a l  p o r t i o n  o f  a c e l l  were  ex­
a m in e d .  Thus,  t h e  a r ran g em en t  o f  t h e  t h y l a k o i d  sys tem  was q u i t e  
u n i fo rm  th r o u g h o u t  t h i s  p a r t  o f  t h e  c e l l .  The i n d i v i d u a l  membrane 
s h e e t s  ex tended  s t r a i g h t  th ro u g h  t h e  c e l l  c y l i n d e r  w i t h o u t  chang ing  
t h e i r  d i s t a n c e  from t h e  c e n t r a l  l o n g i t u d i n a l  a x i s .  T h e i r  t h r e e -  
d im e n s io n a l  a r rangem en t  c o u ld  be i l l u s t r a t e d  e f f e c t i v e l y  w i th  CARTOS 
r e c o n s t r u c t i o n s  o f  c e l l  c y l i n d e r s ,  p r o v id e d  t h a t  o n ly  one comple te  
t h y l a k o i d  was i n c lu d e d  i n  such r e c o n s t r u c t i o n s  ( F i g .  12). I t  was 
p o s s i b l e  t o  i n c l u d e  more t h a n  one com ple te  t h y l a k o i d  i n  a r e c o n s t r u c t ­
io n  by a s s i g n i n g  d i f f e r e n t  d i s p l a y  modes t o  each one ,  b u t  t h e  r e s u l t ­
in g  images ten d ed  to  be r a t h e r  c o n f u s in g  u n l e s s  t h e  r e c o n s t r u c t e d  
c e l l  was viewed a lo n g  i t s  c e n t r a l  l o n g i t u d i n a l  a x i s  ( F i g .  13).  Even
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F i g u r e  12. S t e r e o  p a i r s  o f  CARTOS r e c o n s t r u c t i o n  d e p i c t i n g  
one t h y l a k o i d  ( s o l i d  l i n e s ) ,  l i p i d  b o d i e s  ( s m a l l  
s o l i d  c i r c l e s ) ,  and carboxysomes ( l a r g e  dashed  
c i r c l e s )  i n  t h e  c y l i n d r i c a l  p o r t i o n  o f  a t y p i c a l  
A. q u a d r u p l i c a t u m  c e l l  ( o u t l i n e  r e p r e s e n t e d  by 
d o t s ) .  Three  d i f f e r e n t  v iews o f  t h e  same r e ­
c o n s t r u c t i o n  a r e  i l l u s t r a t e d :
a .  C e l l  v iewed a lo n g  i t s  c e n t r a l  l o n g i t u d i n a l  
a x i s .
b .  C e l l  v iewed from t h e  s i d e .
c .  C e l l  viewed from an o b l i q u e  a n g l e .
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F ig u r e  13. S t e r e o  p a i r s  o f  CARTOS r e c o n s t r u c t i o n  a t t e m p t i n g  
t o  d e p i c t  more t h a n  one com ple te  t h y l a k o i d  i n  
t h e  c y l i n d r i c a l  p o r t i o n  o f  a t y p i c a l  A. q u a d ru p -  
l i c a t u m  c e l l  ( o u t l i n e  r e p r e s e n t e d  by d o t s ) ' .  
T h y la k o id s  a r e  r e p r e s e n t e d  by s o l i d  o r  dashed  
l i n e s ,  as  d e t a i l e d  be low .  O the r  f e a t u r e s  i n ­
c lu d e  l i p i d  b o d i e s  ( s m a l l ,  p e r i p h e r a l l y  l o c a t e d  
c i r c l e s )  and carboxysomes ( l a r g e ,  c e n t r a l l y  
l o c a t e d  c i r c l e s ) .
a .  R e c o n s t r u c t i o n  c o n t a i n i n g  two t h y l a k o i d s :  
t h e  in n e rm o s t  (dashed  l i n e s )  and th e  t h i r d  
in n e rm o s t  ( s o l i d  l i n e s ) .  By d e l e t i n g  th e  
second in n e rm o s t  t h y l a k o i d  and r o t a t i n g  th e  
c e l l  so t h a t  i t  i s  viewed a lo n g  i t s  c e n t r a l  
l o n g i t u d i n a l  a x i s ,  i t  i s  p o s s i b l e  t o  v i s u ­
a l i z e  t h e  two t h y l a k o i d s  as  c l e a r l y  s e p a r a t e  
e n t i t i e s .
b .  Same r e c o n s t r u c t i o n  as  shown i n  F i g .  13a, 
b u t  i n c l u d i n g  t h e  second in n e rm o s t  t h y l a ­
k o id  (dashed  l i n e s )  a lo n g  w i t h  t h e  i n n e r ­
most  and t h i r d  in n e rm o s t  (b o th  s o l i d  l i n e s ) .  
Note t h a t  i t  i s  more d i f f i c u l t  t o  see  t h e  
membranes as  s e p a r a t e  e n t i t i e s ,  a l th o u g h  
s e p a r a t i o n  i s  s t i l l  r e a s o n a b l e  a lo n g  t h e  
u p p e r  l e f t  and u ppe r  r i g h t  s i d e s  o f  th e  
t r i a n g l e  formed by t h e  membranes.
c .  R e c o n s t r u c t i o n  s i m i l a r  t o  t h a t  shown i n  
F i g .  13b, b u t  r o t a t e d  so t h a t  c e l l  i s  
v iewed from t h e  s i d e .  Image o f  t h y l a k o i d s  
i s  e x c e s s i v e l y  c o n f u s i n g ,  due t o  m u l t i p l e  
o v e r l a p p i n g  o f  t h e  l i n e s  r e p r e s e n t i n g  th e  




t h e n ,  i t  was n e c e s s a r y  t o  s e a r c h  f o r  t h e  one v ie w in g  a n g le  t h a t  r e ­
s u l t e d  i n  t h e  b e s t  d e l i n e a t i o n  o f  i n d i v i d u a l  membranes.  To b e t t e r  
i l l u s t r a t e  t h e  t h r e e - d i m e n s i o n a l  a r rangem ent  o f  t h e  t h y l a k o i d  sys tem  
i n  t h e  c y l i n d r i c a l  p o r t i o n  o f  A. q u a d r u p l i c a t u m , a model was d e v i s e d  
w i th  t h e  a i d  o f  CARTOS r e c o n s t r u c t i o n s  and s e r i a l  c r o s s  s e c t i o n s .  
T h i s  model i s  shown in  F i g .  14.
The t h y l a k o i d  a r rangem en t  d e s c r i b e d  above was a c t u a l l y  found t o  
o c c u r  i n  a p p ro x im a te ly  70% o f  t h e  c e l l s  w i th  l i t t l e  o r  no v a r i a t i o n .  
The r e s t  o f  th e  c e l l s  p o s s e s s e d  a  s l i g h t l y  d i f f e r e n t  a r rangem en t  
t h a t  was a l s o  q u i t e  c o n s i s t e n t  from one c e l l  t o  a n o t h e r .  A c r o s s  
s e c t i o n  d e p i c t i n g  t h i s  v a r i a t i o n  i s  shown i n  F i g .  15, and t h e  two 
a r ra n g em en ts  a r e  compared d i a g r a m m a t i c a l l y  i n  F i g .  16. I n  t h e  s e c ­
ond a r ra n g e m e n t ,  t h e  t h y l a k o i d  s h e e t s  appea red  t o  c o a l e s c e  and 
approach  th e  edge o f  th e  c e l l  a t  fo u r  p e r i p h e r a l  l o c i  i n s t e a d  o f  
t h r e e .  A c t u a l l y ,  t h e y  app roached  t h e  o u te rm o s t  t h y l a k o i d  membrane 
p a i r  a t  one o f  t h e s e  f o u r  p o s i t i o n s .  T h is  p a t t e r n ,  l i k e  t h e  f i r s t  
one s een  i n  most o f  t h e  c e l l s ,  was c o n s i s t e n t  th r o u g h o u t  t h e  e n t i r e  
c y l i n d r i c a l  p o r t i o n  o f  t h e  c e l l .  T h e r e f o r e ,  a  model o f  t h e  v a r i a n t  
t h y l a k o i d  a r rangem ent  would be s i m i l a r  t o  t h a t  shown i n  F i g .  14, 
e x c e p t  f o r  i t s  a p p ea ran ce  i n  c r o s s  s e c t i o n s .  There  was no c o r r e l a t ­
io n  between t h y l a k o i d  p a t t e r n  and th e  c e l l  d i v i s i o n  c y c l e  o f  A. quad' 
r u p l i c a t u m . C e l l s  w i th  e i t h e r  p a t t e r n  were found i n  a l l  s t a g e s  o f  
c e l l  d i v i s i o n .  No o t h e r  p a t t e r n s  were o b se rv ed  i n  any o f  t h e  c e l l s ,  
no r  were any seen  t h a t  co u ld  be i n t e r p r e t e d  as  t r a n s i t i o n  s t a g e s  
be tween t h e  two ty p e s  i l l u s t r a t e d  i n  F i g .  16.
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F ig u re  14. T h r e e -d im e n s io n a l ,  cu t-aw ay  model o f  th e  
com ple te  th y la k o id  membrane sys tem  i n  th e  
c y l i n d r i c a l  p o r t i o n  o f  a  t y p i c a l  A.
?u a d ru p l ic a tu m  c e l l .  Four t h y l a k o id s  
T l ,  T2, T3, and T4) have been  in c lu d e d .  
(Based on s e r i a l  c r o s s  s e c t i o n s  and 




F ig u r e  15. T h in  c r o s s  s e c t i o n  th ro u g h  c y l i n d r i c a l  
p o r t i o n  o f  an A. q u a d ru p l ic a tu m  c e l l ,  
d e p i c t i n g  th e  v a r i a n t  th y l a k o id  a r r a n g e ­
ment seen  a p p ro x im a te ly  30% o f  th e  c e l l  
( F i g .  16). Bar = 1.0 pm.
F ig u r e  16. Diagrams com paring  th e  two th y l a k o id
p a t t e r n s  seen  i n  c r o s s  s e c t i o n s  th ro u g h  
th e  c y l i n d r i c a l  p o r t i o n  o f  A. quad rup ­
l i c a tu m  c e l l s .  At l e f t  i s  th e  p a t t e r n  
seen  in  70% o f  th e  c e l l s  (compare w i th  
t h r e e - d im e n s i o n a l  model in  F i g .  14).
At r i g h t  i s  th e  v a r i a n t  p a t t e r n  seen  
in  re m a in in g  c e l l s .
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A rrangem ent o f  th e  Complete T h y lak o id  System i n  C e l l  P o l e s . The 
th r e e - d im e n s i o n a l  a rran g em en t o f  th e  com ple te  t h y l a k o id  sy s tem  in  c e l l  
p o le s  o f  A. q u a d ru p l ic a tu m  was b o th  complex and e x c e e d in g ly  d i f f i c u l t  
t o  i l l u s t r a t e  w i th  CARTOS r e c o n s t r u c t i o n s .  I t  was a p p a r e n t  from c e n t ­
r a l  l o n g i t u d i n a l  s e c t i o n s  t h a t  a l l  o f  th e  t h y l a k o id  p a i r s  te n d e d  to  
t a p e r  and ap p roach  th e  t i p s  o f  th e  c e l l  ( F i g .  3 ) .  T h is  t a p e r i n g  o f  
t h y l a k o i d s  tow ard  th e  c e l l  t i p s  was a l s o  seen  i n  CARTOS r e c o n s t r u c t ­
io n s  o f  c e l l  p o le s  t h a t  in c lu d e d  o n ly  one o r  two t h y la k o id s  ( F ig .  17). 
A ttem p ts  to  in c lu d e  a l l  o f  th e  t h y l a k o id s  in  such a  r e c o n s t r u c t i o n  
f a i l e d  b a d ly ,  p ro d u c in g  o n ly  a  v e r y  c o n fu s in g  c l u t t e r  o f  o v e r la p p in g  
l i n e s  ( F i g .  18). As a c o n se q u e n ce ,  th e  p r e c i s e  a rran g em en t o f  th e  
com ple te  t h y l a k o id  system  c o u ld  be d e te rm in e d  o n ly  by c a r e f u l l y  s tu d y ­
in g  many s e t s  o f  s e r i a l  t h i n  and t h i c k  s e c t i o n s  th ro u g h  c e l l  p o l e s .
The a rran g em en t o f  t h y l a k o id s  in  th e  c e l l  p o le s  p roved  t o  be  more 
c o m p lic a te d  th a n  t h a t  i n  th e  c y l i n d r i c a l  p o r t i o n  o f  th e  c e l l  b eca u se  
i t  was a f f e c t e d  by c e l l  d i v i s i o n .  The in n e rm o s t  t h y l a k o id  p a i r  a lw ays 
te r m in a te d  a t  a s i n g l e  p o in t  a t  o r  v e ry  n e a r  th e  t i p  o f  th e  c e l l .  I t  
was th e  l o c a t i o n  o f  th e  o u te r  t h y l a k o id  s h e e t s  t h a t  v a r i e d ,  and th e  
v a r i a t i o n  was b e s t  u n d e rs to o d  from an e x a m in a t io n  o f  p o le  a r e a s  in  
c e l l s  t h a t  had j u s t  com ple ted  c e l l  d i v i s i o n  b u t  had n o t  y e t  s e p a r a te d  
from each  o t h e r  ( F ig .  19). The th y la k o id  a rran g em en t a t  th e  two " o ld "  
p o le s  was a lw ays th e  same; a l l  t h y l a k o id s  ten d ed  to  c o a l e s c e  and t e r m i ­
n a t e  s im u l ta n e o u s ly  a t  th e  t i p  o f  th e  c e l l .  In  th e  "new" p o l e s ,  how­
e v e r ,  t h e  o u t e r  t h y l a k o id s  u s u a l l y  t e r m in a te d  n e a r  th e  c e l l  p e r ip h e r y  
w i th o u t  q u i t e  r e a c h in g  th e  c e l l  t i p .  I n d i v i d u a l  c e l l s  ( th o s e  no lo n g e r  
in v o lv e d  in  c e l l  d i v i s i o n  o r  s e p a r a t i o n )  a lw ays p o s s e s s e d  one p o le  w i th  
th e  f i r s t  o f  th e  above th y la k o id  a r ra n g e m e n ts .  The o t h e r  p o le  e x h i b i t e d
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F ig u re  17. S te r e o  p a i r  o f  CARTOS r e c o n s t r u c t i o n  d e p i c t i n g  
two t h y l a k o i d s  a t  th e  p o le  o f  a t y p i c a l  A. 
q u a d ru p l ic a tu m  c e l l  ( o u t l i n e  r e p r e s e n t e d  by 
d o t s ) .  Both th e  in n e r  ( s o l i d  l i n e s )  and o u te r  
(d a sh ed  l i n e s )  t h y la k o id s  t a p e r  and meet a t  
a s i n g l e  p o in t  on th e  t i p  o f  th e  c e l l .
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F ig u re  18. S te r e o  p a i r  o f  CARTOS r e c o n s t r u c t i o n  d e p i c t i n g  
a l l  o f  th e  t h y l a k o id s  ( s o l i d  l i n e s )  i n  one 
h e m is p h e r i c a l  p o le  o f  a  t y p i c a l  A. q u a d r u p l i ­
catum  c e l l  ( o u t l i n e  r e p r e s e n t e d  by d o t s ) .
T h y lak o id s  t a p e r  tow ard  t i p  o f  c e l l  b u t  r e ­
c o n s t r u c t i o n  i s  v i s u a l l y  c o n f u s in g .
F ig u re  19. Diagram s i l l u s t r a t i n g  a rran g em en t o f  th y la k o id  
membranes in  h e m is p h e r i c a l  p o le s  o f  c e l l s  t h a t  
have  com ple ted  c e l l  d i v i s i o n  b u t  have  n o t  y e t  
s e p a r a t e d  from each  o t h e r .  D iagrams r e p r e s e n t  
t h e o r e t i c a l  l o n g i t u d i n a l  s e c t i o n s  p a s s in g  
th ro u g h  th e  c e n t r a l  l o n g i t u d i n a l  a x i s  o f  th e  
c e l l .
a .  O u t l in e  o f  d i v i d i n g  c e l l  p a i r .  "O ld" p o le s  
(0 )  a r e  d e f in e d  as  th o s e  e x i s t i n g  p r i o r  to  
c e l l  e l o n g a t i o n  and d i v i s i o n .  "New" p o le s  
(N) a r e  d e f in e d  as  th o s e  formed d u r in g  d i v i s ­
io n  and which s t i l l  f a c e  each  o t h e r  b e f o r e  
c e l l s  s e p a r a t e .
b .  T h y lak o id  a rran g em en t in  " o ld "  p o l e s ;  mem­
b ra n e s  merge a t  a  common p o in t  n e a r  t i p  o f  
c e l l .
c .  T h y lak o id  a rran g em en t in  "new" p o l e s ;  mem­
b ra n e s  t e r m in a te  a t  edge o f  c e l l  w i th o u t  
m erg ing  w i th  each  o t h e r .

76
e i t h e r  a r ran g em en t o r  any o f  a v a r i e t y  o f  a p p a re n t  t r a n s i t i o n s  be tw een 
th e  tw o .
R e l a t i o n s h i p  Between C y to p la sm ic  and T h y lak o id  Membranes
CARTOS r e c o n s t r u c t i o n s  i n d i c a t e d  t h a t  t h y l a k o id  s h e e t s  te n d e d  to  
converge  and ap p ro ach  th e  p e r ip h e r y  o f  th e  c e l l ,  b u t  t h e s e  r e c o n s t r u c ­
t i o n s  la c k e d  th e  r e s o l u t i o n  needed  to  see  th e  p r e c i s e  d e t a i l s  in  such 
s t r u c t u r a l l y  complex a r e a s .  E x am in a tio n  o f  t h i c k  c r o s s  s e c t i o n s  by 
HVEM s e rv e d  to  i n d i c a t e  p r e c i s e l y  how th e  i n d i v i d u a l  th y l a k o id  mem­
b ra n e s  i n t e r s e c t e d  w i th  each  o t h e r  a t  t h e s e  l o c a t i o n s .  A g a in ,  th e  
r e s u l t s  were c o n s i s t e n t  from one c e l l  ( o r  s e c t i o n )  to  a n o th e r  o n ly  
a f t e r  t i l t i n g  w i th  a g o n io m e te r  s t a g e  t h a t  com pensated  f o r  v a r i a t i o n s  
i n  th e  d i r e c t i o n  o f  s e c t i o n i n g .  In  most u n t i l t e d  c r o s s  s e c t i o n s ,  th e  
t h y l a k o id s  ap p ea re d  t o  c o n n e c t  w i th  each  o th e r  o r  to  t e r m in a t e  a t  a 
v a r i e t y  o f  l o c a t i o n s  n e a r  th e  edge o f  th e  c e l l .  By t i l t i n g ,  how ever, 
i t  was p o s s i b l e  to  show t h a t  a l l  th e  t h y la k o id s  i n t e r s e c t e d  w ith  each  
o t h e r  o n ly  a t  a common p o i n t  a t  o r  q u i t e  n e a r  th e  s u r f a c e  o f  th e  c y to ­
p la sm ic  membrane ( F ig .  2 0 ) .  The e f f e c t  o f  t i l t i n g  co u ld  be q u i t e  con­
f u s in g  b ecau se  th e  c l a r i t y  o f  th e  membranes v a r i e d  as  th e  v iew in g  an g le  
c hanged . T h e r e f o r e ,  i t  was n e c e s s a r y  t o  o b s e rv e  th e  membranes c a r e f u l l y  
w h i le  th e  s e c t i o n s  were b e in g  t i l t e d  i n  th e  m ic ro sc o p e ,  i n  o r d e r  to  be 
c e r t a i n  t h a t  th e  same membranes were seen  b e f o r e  and a f t e r  t i l t i n g
( F ig .  2 0 ) .  When t h i s  was d one , i t  became a p p a re n t  t h a t  th e  t h y la k o id s
in  a l l  c e l l s  c o n s i s t e n t l y  i n t e r s e c t e d  w i th  each o t h e r  o n ly  a t  common 
p o i n t s  a t  o r  n e a r  th e  s u r f a c e  o f  th e  c y to p la sm ic  membrane.
In  a d d i t i o n  t o  e l u c i d a t i n g  th e  way in  which th y l a k o id  membranes
i n t e r s e c t e d  w i th  each  o t h e r  n e a r  th e  c y to p la sm ic  membrane, HVEM o f
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F ig u r e  20 . T h ick  (0 .25-jim ) c r o s s  s e c t i o n  th ro u g h  c y l i n ­
d r i c a l  p o r t i o n  o f  t y p i c a l  A. q u a d ru p l ic a tu m  
c e l l  b e f o r e  ( F i g .  20a) and a f t e r  ( F i g .  20b) 
t i l t i n g  a b o u t  two p e r p e n d ic u la r  a x e s .  B ars  = 
0 .2  jam. D e t a i l  o f  p e r i p h e r a l  t h y l a k o id  i n ­
t e r s e c t i o n .  T i l t i n g  h e lp e d  to  i n d i c a t e  t h a t  
t h y l a k o id  membranes a c t u a l l y  i n t e r s e c t e d  
w i th  o t h e r  on o r  v e r y  n e a r  th e  i n n e r  s u r f a c e  
o f  t h e  c y to p la s m ic  membrane ( a r r o w ) .
F ig u r e  21 . T h in  c r o s s  s e c t i o n  th ro u g h  c y l i n d r i c a l  p o r t ­
io n  o f  t y p i c a l  A. q u a d ru p l ic a tu m  c e l l ,  de ­
p i c t i n g  a p p a r e n t  t h y la k o id - c y to p la s m ic  
membrane i n t e r c o n n e c t i o n s  ( a r r o w ) . Bar =
0 .3  pm. Note t h a t  i n t e r c o n n e c t i o n  i s  n o t  
as  w e l l  c o n t r a s t e d  o r  as  c l e a r l y  i l l u s ­
t r a t e d  as  i n  t h i c k  (0 .25-pm ) s e c t i o n s  
( F i g .  2 2 ) .
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t h i c k  s e c t i o n s  r e v e a l e d  t h a t  th e  t h y l a k o id s  a l s o  i n t e r c o n n e c te d  w i th  
th e  c y to p la sm ic  membrane a t  s e v e r a l  s i t e s  th ro u g h o u t  th e  c e l l .  These 
i n t e r c o n n e c t i o n s  were e x c e e d in g ly  d i f f i c u l t  t o  f i n d  i n  random ly c u t  
t h i n  s e c t i o n s ,  b e in g  seen  o n ly  v e ry  r a r e l y  ( F ig .  2 1 ) .  I n  c o n t r a s t ,  
th e y  were r e l a t i v e l y  e a sy  t o  d e t e c t  in  t h i c k  s e c t i o n s  when th o s e  
s e c t i o n s  were t i l t e d  t o  f i n d  th e  o p t im a l  v iew in g  d i r e c t i o n  f o r  ob­
s e r v a t i o n  o f  th e  i n t e r c o n n e c t i o n s .  In  th e  f i n a l  m ic ro g ra p h s ,  d e t a i l e d  
i n t e r p r e t a t i o n  o f  th e  t h y l a k o id - c y to p la s m ic  membrane i n t e r c o n n e c t i o n s  
was f a c i l i t a t e d  by o b s e r v a t i o n  o f  th e  th r e e - d im e n s i o n a l  in f o r m a t io n  
p r e s e n t  in  s t e r e o  p a i r s .  Two exam ples o f  i n t e r c o n n e c t i o n s  seen  i n  
t h i s  way a re  shown in  F i g .  22 . In  some c a s e s ,  th e  i n t e r c o n n e c t i o n s  
ap p ea red  to  be a c t u a l  i n v a g i n a t i o n s  o f  th e  c y to p la s m ic  membrane i t ­
s e l f  b u t  i t  was n o t  p o s s i b l e  to  a s c e r t a i n  d e f i n i t e l y  t h a t  t h i s  was 
th e  c a s e .
S e r i a l  t h i c k  c r o s s  s e c t i o n s  th ro u g h  th e  c y l i n d r i c a l  p o r t i o n  o f  
th e  c e l l  were examined to  d e te rm in e  how f r e q u e n t l y  th e  t h y la k o id  
system  in t e r c o n n e c t e d  w i th  th e  c y to p la s m ic  membrane i n  t h i s  p a r t  o f  
th e  c e l l .  I n  a lm o s t  e v e ry  s e c t i o n ,  i n t e r c o n n e c t i o n s  were p r e s e n t  a t  
a l l  t h r e e  o f  th e  l o c a t i o n s  where th e  t h y l a k o id s  approached  th e  c y to ­
p la sm ic  membrane (a s  o r i g i n a l l y  shown i n  F i g .  11) as th e y  i n t e r s e c t e d  
w i th  each  o t h e r .  (T h is  was a l s o  th e  c a se  f o r  th e  v a r i a n t  p a t t e r n  
shown i n  F i g .  16 b eca u se  t h e  t h y l a k o id s  app ro ach ed  th e  c y to p la sm ic  
membrane a t  o n ly  t h r e e  o f  t h e f o u r  s i t e s  where th e y  i n t e r s e c t e d  w i th  
each  o t h e r . )  S e r i a l  c r o s s  s e c t i o n s  th ro u g h  th e  c y l i n d r i c a l  p o r t i o n  
o f  th e  c e l l  were a l s o  examined f o r  t h y l a k o id - c y to p la s m ic  membrane 
i n t e r c o n n e c t i o n s ,  b u t  th e  c o n n e c t io n s  were i n  o n ly  10-20% o f  th o s e  
s e c t i o n s .  The th y l a k o id - c y to p la s m ic  membrane i n t e r c o n n e c t i o n s ,  th e n ,
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F ig u r e  22 . S t e r e o  p a i r s  o f  t h i c k  (0.25-}im) s e c t i o n s
th ro u g h  A. q u a d ru p l ic a tu m  c e l l s ,  d e p i c t i n g  
i n t e r c o n n e c t i o n s  be tw een  t h y la k o id  and 
c y to p la s m ic  membranes ( a r r o w s ) .  B ars  =
0 .2  ;am.
a .  I n t e r c o n n e c t i o n  in  an o b l iq u e  s e c t i o n .




were i n t e r m i t t e n t  r a t h e r  th a n  c o n t in u o u s  a lo n g  th e  l e n g th  o f  th e  
c y l i n d r i c a l  p o r t i o n  o f  th e  c e l l .
HVEM o f  t h i c k  l o n g i t u d i n a l  s e c t i o n s  s e rv e d  to  d e te rm in e  w h e th er  
th y la k o id - c y to p la s m ic  in t e r c o n n e c t i o n s  were p r e s e n t  in  th e  hem is­
p h e r i c a l  c e l l  p o le s  o f  A. q u a d ru p i ic a tu m . The in n e rm o s t  th y la k o id  
s h e e t  a lw ays t e r m in a te d  and i n t e r c o n n e c te d  w i th  th e  c y to p la s m ic  
membrane a t  th e  t i p  o f  th e  c e l l .  One o r  more o f  th e  o u t e r  t h y l a ­
k o id s  a l s o  t e r m in a te d  a t  t h i s  p o in t  in  some c a s e s .  The th y la k o id  
sys tem  o f  A. q u a d ru p i ic a tu m , th e n ,  was in  c o n t a c t  w ith  th e  c y t o p l a s ­
mic membrane a t  b o th  p o le s  and a t  i n t e r m i t t e n t  p o i n t s  a lo n g  t h r e e  
l i n e s  t h a t  t r a v e r s e d  th e  e n t i r e  l e n g th  o f  th e  c e l l .  The d a t a  were 
i n s u f f i c i e n t  to  d e te rm in e  th e  sp a c in g  be tw een  th e  i n t e r m i t t e n t  con­
t a c t  p o i n t s  o r  th e  c o n s i s t e n c y  t h e r e o f .
V i s u a l i z a t i o n  o f  th e  Complete Agmenellum q u a d ru p i ic a tu m  C e l l
I t  was d e c id e d  to  c o n c lu d e  t h i s  p o r t i o n  o f  th e  s tu d y  by f i n d i n g  
ways to  i l l u s t r a t e  as  a c c u r a t e l y  as p o s s i b l e  th e  com ple te  t h r e e -  
d im e n s io n a l  s t r u c t u r e  o f  t y p i c a l  A. q u a d ru p i ic a tu m  c e l l s .  Conse­
q u e n t ly ,  CARTOS r e c o n s t r u c t i o n s  were d e v is e d  in  which d i f f e r e n t  
c o l o r s  were a r b i t r a r i l y  a s s ig n e d  to  d i f f e r e n t  c e l l  f e a t u r e s  ( F ig .
2 3 ) .  T h is  app roach  f a c i l i t a t e d  th e  i n c l u s i o n  o f  more s t r u c t u r e s  
th a n  c o u ld  be shown by u s in g  d i f f e r e n t  d i s p l a y  modes ( F i g s .  7 , 12, 
and 13) b eca u se  th e  c o lo r  d i f f e r e n c e s  were more e f f e c t i v e  in  a s s i s t ­
in g  th e  v ie w er  to  s e p a r a t e  and i d e n t i f y  o v e r la p p in g  c e l l  s t r u c t u r e s .
I t  was p o s s i b l e  t o  in c lu d e  t h r e e  ty p e s  o f  i n c l u s i o n  b o d ie s  and a t  
l e a s t  two com ple te  th y l a k o id  membranes in  t h e s e  c o l o r  r e c o n s t r u c t i o n s ,
th e r e b y  conveying  a r e a s o n a b ly  e f f e c t i v e  and a c c u r a t e  p i c t u r e  o f  A. 
q u a d ru p i ic a tu m 1s o v e r a l l  t h r e e - d im e n s io n a l  a r c h i t e c t u r e .
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F ig u r e  23 . S te r e o  p a i r s  o f  CARTOS r e c o n s t r u c t i o n s  i n  c o l o r ,
i l l u s t r a t i n g  a v a r i e t y  o f  f e a t u r e s  i n  com ple te
c e l l s .
a .  C e l l  ( o u t l i n e  i n  w h i te  d o t s )  in c lu d in g  most 
t h y l a k o id s  ( p u r p l e ,  y e l lo w ,  g r e e n ,  b l u e ,  
and re d  l i n e s ,  s t a r t i n g  w i th  in n e rm o s t  mem­
b r a n e ) ,  carboxysom es ( l a r g e  w h i te  c i r c l e s ) ,  
and l i p i d  b o d ie s  ( s m a l l  y e l lo w  c i r c l e s ) .
C e l l  i s  v iew ed a lo n g  c e n t r a l  l o n g i t u d i n a l  
a x i s .  F r o n t  p o le  o f  c e l l  h a s  been  d e l e t e d  
t o  e l i m i n a t e  o v e r la p p in g  o f  t h y l a k o i d s .  
S p ac in g  be tw een  i n d i v i d u a l  t h y l a k o i d s  i s  
b e s t  seen  a lo n g  b o tto m  edge o f  t r i a n g l e s
i n  t h y l a k o id  p a t t e r n .  T h y la k o id s  t a p e r  
tow ard  c e l l  t i p  a t  back  o f  c e l l .
b .  S id e  v iew  o f  c e l l  ( o u t l i n e  i n  w h i te  d o t s )  
in c lu d in g  two co m p le te  t h y l a k o id s  ( i n n e r ­
m ost in  b lu e  l i n e s ,  o u te rm o s t  i n  g re e n  
l i n e s ) ,  carboxysom es (w h i te  c i r c l e s ) ,  p o ly ­
p h o sp h a te  b o d ie s  ( l a r g e ,  c e n t r a l l y  l o c a t e d  
y e l lo w  c i r c l e s ) ,  and l i p i d  b o d ie s  ( s m a l l ,  
p e r i p h e r a l l y  l o c a t e d  y e l lo w  c i r c l e s ) .  
S e p a r a t i o n  betw een  th e  two t h y l a k o id s  i s  
b e s t  seen  a lo n g  b o tto m  edge o f  c e l l .  Tap­
e r i n g  o f  t h y l a k o id s  tow ard  c e l l  p o le  i s  
e s p e c i a l l y  c l e a r  a t  l e f t .  Note how t h y l a ­
k o id s  c o m p le te ly  s u r ro u n d  c e n t r a l  c y t o p l a s ­
mic r e g io n  o f  c e l l .  Compare p e r i p h e r a l  
l o c a t i o n  o f  l i p i d  b o d ie s  w i th  c e n t r a l  l o ­
c a t i o n  o f  carboxysom es and p o ly p h o sp h a te  
b o d i e s .
c .  D i f f e r e n t  v iew  o f  r e c o n s t r u c t i o n  shown in  
F i g .  23b; c e l l  i s  v iew ed down i t s  c e n t r a l  
l o n g i t u d i n a l  a x i s .  Note t r i a n g u l a r  p a t t e r n  
formed by th y l a k o i d s  in  c y l i n d r i c a l  p o r t i o n  
o f  c e l l .  P a r t  o f  th e  o u te rm o s t  t h y l a k o id  
h a s  b een  d e l e t e d  t o  a v o id  e x c e s s iv e  o v e r ­
l a p p in g  o f  d e t a i l s .
d .  S id e  v iew  o f  a d i v i d i n g  c e l l  ( o u t l i n e  in  
w h i te  d o t s )  i n c lu d in g  two co m p le te  t h y l a ­
k o i d s ,  carboxysom es, p o ly p h o sp h a te  b o d ie s ,  
and l i p i d  b o d ie s  ( a l l  d e p ic t e d  as in  F i g s ,
23b and 2 3 c ) . T h y lak o id s  c o m p le te ly  s u r r ­
ound c e n t r a l  c y to p la sm ic  r e g io n  in  b o th  
h a lv e s  o f  th e  c e l l s  and c l e a r l y  t a p e r  to  
s i n g l e  p o i n t s  a t  b o th  c e l l  p o l e s .  Compare 
c e n t r a l  l o c a t i o n  o f  d e n s e ly  c l u s t e r e d  
carboxysom es and p o ly p h o sp h a te  b o d ie s  
w i th  p e r i p h e r a l  l o c a t i o n  o f  l i p i d  b o d i e s .
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A f i n a l  su m m ariza t io n  o f  th e  i n f o r m a t io n  o b ta in e d  in  t h i s  p o r t ­
io n  o f  th e  s tu d y  was a ch ie v e d  by u s in g  th e  above r e c o n s t r u c t i o n s  t o  
h e lp  p roduce  an a r t i s t ' s  d raw ing  o f  a t y p i c a l  c e l l .  The r e s u l t  i s  
shown in  F i g .  24 .  The m ost im p o r ta n t  t h r e e - d im e n s i o n a l  a s p e c t s  o f  
A. q u a d ru p i ic a tu m  t h a t  can  be seen  in  t h i s  d raw ing  in c l u d e :  ( i )  t h e  
p e r i p h e r a l  l o c a t i o n  o f  t h e  l i p i d  b o d i e s ,  ( i i )  t h e  c e n t r a l  l o c a t i o n  
o f  t h e  carboxysom es and p o ly p h o sp h a te  b o d i e s ,  ( i i i )  t h e  o v e r a l l  
a r ran g em en t o f  th e  t h y l a k o id  membrane sy s tem , ( i v )  th e  manner in  
which i n d i v i d u a l  t h y l a k o id s  i n t e r s e c t  w i th  each  o t h e r ,  and (v )  th e  
n a t u r e  o f  th e  i n t e r c o n n e c t i o n s  be tw een  th e  th y l a k o id  and c y to p la s m ic  
m em branes.
The Morphology and U l t r a s t r u c t u r e  o f  M a s t ig o c la d u s  lam in o su s  
G en era l  M o rp h o lo g ic a l  C h a r a c t e r i s t i c s
M orphology o f  NO^-Grown C u l t u r e s . The m o rp h o lo g ic a l  c h a r a c t e r ­
i s t i c s  o f  NO^-grown M. la m in o su s  o b s e rv ed  by sc a n n in g  e l e c t r o n  
m ic ro sco p y  ( F ig .  25) were s i m i l a r  to  th o s e  seen  by l i g h t  m ic ro sco p y  
i n  e a r l i e r  s t u d i e s  (M arcenko, 1961; R ippka e t  a l . ,  1979; Schwabe, 
1960) and th o s e  r e p o r t e d  f o r  th e  c l o s e l y  r e l a t e d  genus F i s c h e r e l l a  
(M a r t in  and W yatt ,  1974; R ippka e t  a l . ,  1979; T h u rs to n  and Ingram , 
1971). M ature  l i q u i d  c u l t u r e s  c o n s i s t e d  o f  a d e n s e ,  p leo m o rp h ic  mat 
o f  i n t e r t w i n e d  f i l a m e n t s  ( F ig .  2 5 a ) .  The o l d e r ,  w id e r  f i l a m e n t s  
( F i g s .  25a-25d) ranged  up to  12 jim in  d i a m e te r .  They c o n ta in e d  r e l a ­
t i v e l y  l a r g e ,  rounded c e l l s  t h a t  v a r i e d  c o n s id e r a b ly  in  d ia m e te r  and 
shape (compare F i g s .  2 5 a - 2 5 c ) .  Some o f  t h e s e  c e l l s  gave r i s e  to  
l a t e r a l  b ra n c h e s  o f f  th e  main f i l a m e n t  ( F ig .  2 5 c ) .  Such b ra n c h e s
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F ig u r e  24 . A r t i s t ' s  r e p r e s e n t a t i o n  o f  th e  o v e r a l l  t h r e e -  
d im e n s io n a l  a r c h i t e c t u r e  o f  a t y p i c a l  A. 
q u a d ru p i ic a tu m  c e l l .  C = carboxysom es; L = 
l i p i d  body; M = c y to p la s m ic  membrane; P = 
p o ly p h o sp h a te  body ; T = p h o t o s y n t h e t i c  
th y l a k o id  membrane sy s te m ; TC = i n t e r c o n n e c t ­
io n s  be tw een  th y l a k o id  and c y to p la sm ic  mem­
b r a n e s .  T h y la k o id s  a r e  d e p i c t e d  a s  s o l i d  
s h e e t s ,  each  r e p r e s e n t i n g  a  p a i r  o f  c l o s e l y  
apposed  u n i t  membranes. The s p a c in g  betw een  
th y la k o id - c y to p la s m ic  membrane i n t e r c o n ­
n e c t i o n s  i s  t h e o r e t i c a l ,  as  t h i s  was n o t  
d e te rm in e d  p r e c i s e l y  ( s e e  t e x t ) .  ( I l l u s ­
t r a t i o n  does n o t  in c lu d e  c e l l  w a l l ,  r i b o ­
somes, and n u c l e a r  m a t e r i a l . )
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F ig u r e  25 . S cann ing  e l e c t r o n  m ic ro g ra p h s  o f  c r i t i c a l -  
p o i n t - d r i e d ,  w h o le - c e l l  p r e p a r a t i o n s  o f  
M. l a m in o s u s , d e p i c t i n g  g e n e r a l  m o rp h o lo g i­
c a l  c h a r a c t e r i s t i c s  o f  NO^-grown c u l t u r e s .
B = l a t e r a l  b ra n c h  p o i n t ;  0 = o ld  f i l a ­
m en t;  Y = young f i l a m e n t .
a .  Dense p o r t i o n  o f  a l g a l  m a t ,  showing a 
v a r i e t y  o f  f i l a m e n t  m o rp h o lo g ie s .
Bar = 15.0 pm.
b .  P leo m o rp h ic  c e l l s  in  o ld  f i l a m e n t  con­
t r a s t e d  w i th  u n ifo rm  c e l l s  i n  young 
f i l a m e n t s .  Bar = 10.0 pm.
c .  D e t a i l  o f  t a p e r e d ,  l a t e r a l  b ra n c h e s  
o f f  o f  o ld  f i l a m e n t .  Note d i f f e r e n c e  
in  young and o ld  f i l a m e n t  d i a m e t e r s .
Bar = 3 .0  pm.
d .  M u lt ib ra n c h e d  p o r t i o n  o f  o ld  f i l a m e n t ,  
showing a  number o f  b ra n c h e s  e lo n g a te d  
and t a p e r e d  to  form young f i l a m e n t s  
( a r r o w s ) .  Bar = 5 . 0  pm.
e .  D e t a i l  o f  young f i l a m e n t s ,  showing 
t a p e r e d  m orphology o f  t e r m in a l  c e l l  
( a r r o w ) .  Bar = 5 . 0  pm.
f .  D e t a i l  o f  young f i l a m e n t  t h a t  h a s  
doub led  back  on i t s e l f  and formed a 
h e l i c a l  b r a i d .  Bar = 3 . 0  pm.
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became q u i t e  numerous i n  th e  w i d e s t ,  most p leo m o rp h ic  p o r t i o n s  o f  
th e  o ld  f i l a m e n t s  ( F i g .  2 5 d ) . Some o f  th e  l a t e r a l  b ra n c h e s  o f f  
th e  main f i l a m e n t  e lo n g a te d  and t a p e r e d  to  form th e  y o u n g e r ,  t h i n n e r  
f i l a m e n t s  o f  th e  a l g a l  mat ( F i g .  2 5 d ) .  The l a t t e r  a l s o  a r o s e  from 
th e  grow ing t e r m i n i  o f  t h e  main f i l a m e n t s .  The young f i l a m e n t s  
d i f f e r e d  m o r p h o lo g ic a l ly  from th e  o l d e r  f i l a m e n t s  i n  t h a t  th e y  were 
c o n s id e r a b ly  t h i n n e r  ( 1 . 7 - 2 . 5  jam in  d i a m e t e r ) ,  l e s s  p le o m o rp h ic ,  
and c o n ta in e d  d i s t i n c t l y  c y l i n d r i c a l  c e l l s  ( F i g s .  25a , 25e , and 2 5 f ) .  
E xcep t f o r  th e  t a p e r e d  t e r m in a l  c e l l s  ( F ig .  2 5 e ) ,  th e  i n d i v i d u a l  
c e l l s  o f  th e  young f i l a m e n t s  were r e l a t i v e l y  c o n s i s t e n t  in  te rm s o f  
t h e i r  m o rp h o lo g ic a l  c h a r a c t e r i s t i c s .  Most o f  th e  young f i l a m e n t s  
w ere f a i r l y  s t r a i g h t ,  b u t  some o f  them doub led  back  on th e m s e lv e s  
and formed h e l i c a l  b r a i d s  ( F ig .  2 5 f ) .
Morphology o f  N^-Grown C u l t u r e s .  The g e n e r a l  m o rp h o lo g ic a l  
c h a r a c t e r i s t i c s  o f  ^ - g r o w n  M. lam in o su s  c u l t u r e s ,  as  exam ined by 
s c a n n in g  e l e c t r o n  m ic ro s c o p y ,  were  a lm o s t  i d e n t i c a l  to  th o s e  o f  
NO^-grown c u l t u r e s  ( a b o v e ) .  The o n ly  n o t i c e a b l e  d i f f e r e n c e  was th e  
p re s e n c e  o f  a few e n l a r g e d  c e l l s  w i t h i n  th e  o th e rw is e  u n i fo r m ly  
t h i n ,  young f i l a m e n t s  ( F i g .  2 6 ) .  P h a s e - c o n t r a s t  l i g h t  m ic ro sco p y  
( F i g .  27) i n d i c a t e d  t h a t  t h e s e  e n la r g e d  c e l l s  were p ro b a b ly  h e t e r o ­
c y s t s  and p r o h e t e r o c y s t s ,  a c c o rd in g  to  th e  d e s c r i p t i v e  c r i t e r i a  o f  
B rad ley  and C arr  (1976) and R ippka and S t a n i e r  (1 9 7 8 ) .  L ig h t  m ic ro ­
scopy i n d i c a t e d  t h a t  h e t e r o c y s t s  and p r o h e t e r o c y s t s  were a l s o  p r e s ­
e n t  i n  o ld  f i l a m e n t s ,  b u t  were d i f f i c u l t  to  see  i n  th e  d ense  m ats  o f  
i n t e r t w i n e d  and b ra n c h in g  c e l l s  ( s e e  F i g .  27 ) .  A k in e te s  (Adams and 
C a r r ,  1981; S t a n i e r  and C o h e n -B a z ire , 1977) were n o t  d e t e c t e d  i n  any
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F ig u r e  26. S cann ing  e l e c t r o n  m ic ro g ra p h  o f  c r i t i c a l -  
p o i n t - d r i e d ,  w h o l e - c e l l  p r e p a r a t i o n  o f  M. 
l a m in o s u s , d e p i c t i n g  m o rp h o lo g ic a l  c h a r ­
a c t e r i s t i c s  o f  young ^ “ grown f i l a m e n t s .  
H e te r o c y s t s  (H) a r e  v i s i b l e  as  e n la r g e d  
c e l l s .  Bar = 5 .0  pm.
F ig u r e  27 . P h a s e - c o n t r a s t  l i g h t  m ic ro g ra p h  o f  un­
s t a i n e d  wet mount o f  M. l a m in o s u s , 
d e p i c t i n g  g e n e r a l  m o rp h o lo g ic a l  c h a r a c ­
t e r i s t i c s  o f  ^ - g r o w n  c u l t u r e .  H = 
h e t e r o c y s t ;  0 = o ld  f i l a m e n t ;  Y = 
young f i l a m e n t .  Note t h a t  i t  i s  
d i f f i c u l t  t o  o b se rv e  c e l l  f e a t u r e s  i n  
o ld  f i l a m e n t s  b e c a u se  th e y  a re  o f t e n  
i n t e r t w i n e d  w i th  o t h e r  f i l a m e n t s .
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f i l a m e n t s  w i th  e i t h e r  l i g h t  m ic ro sco p y  o r  s c a n n in g  e l e c t r o n  m ic ro ­
scopy .
U l t r a s t r u c t u r a l  C h a r a c t e r i s t i c s  o f  V e g e ta t iv e  C e l l s
U l t r a s t r u c t u r e  o f  NO^-Grown C e l l s .  The c e l l  e n v e lo p e  o f  a l l  
NO^-grown M. lam in o su s  c e l l s  was t y p i c a l  o f  t h a t  seen  b o th  in  o th e r  
c y a n o b a c te r i a  ( S t a n i e r  and C o h en -B a z ire ,  1977; Wolk, 1973) and in  
o th e r  G ram -nega tive  b a c t e r i a  ( C o s te r to n  e t  a l . ,  1974) .  A common 
s h e a th  l a y e r  su r ro u n d e d  a l l  o f  th e  c e l l s  i n  each  f i l a m e n t  ( F i g .  28) 
and was u s u a l l y  s e p a r a t e d  from th e  o u t e r  membrane by an e l e c t r o n -  
t r a n s p a r e n t  zone (p e rh a p s  th e  r e s u l t  o f  c e l l  s h r in k a g e  d u r in g  de ­
h y d r a t i o n )  .
The i n t e r n a l  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  a t y p i c a l  c e l l  
in  a  young, t h i n  f i l a m e n t  a r e  shown i n  F i g .  28 .  The c y to p la sm  o f  
th e s e  c e l l s  c o n s i s t e d  o f  two r e a s o n a b ly  d i s t i n c t  and s e p a r a t e  u n i t s :  
a c e n t r a l  c y to p la sm ic  r e g io n  and a p e r i p h e r a l  t h y l a k o id  r e g i o n .
The c e n t r a l  c y to p la sm ic  p o r t i o n  o f  th e  c e l l  c o n ta in e d  n u c le a r  m a te r ­
i a l ,  m ost o f  th e  r ib o s o m e s ,  and a l l  o f  th e  carboxysom es. From 1 to  
3 carboxysom es were p r e s e n t  i n  each  l o n g i t u d i n a l  s e c t i o n  t h a t  a p p e a r ­
ed to  t r a v e r s e  th e  c e n t e r  o f  th e  c e l l  ( M a te r i a l s  and M e th o d s) .  The 
p e r i p h e r a l  th y l a k o id  p o r t i o n  o f  th e  c e l l  c o n ta in e d  th e  p h o t o s y n th e t i c  
th y l a k o id  membranes, p h y c o b i l i s o m e s , and l i p i d  b o d i e s .  The l i p i d  
b o d ie s  (4 -7  p e r  s e c t i o n )  w ere  d i s t r i b u t e d  th ro u g h o u t  th e  t h y l a k o id  
p o r t i o n  o f  th e  c e l l  b u t  were n e v e r  l o c a t e d  i n  th e  c e n t r a l  c y to p la sm .  
The th y la k o id  membranes th e m se lv e s  were a r ra n g e d  in  t i g h t  p a i r s  t h a t  
ten d ed  to  ru n  p a r a l l e l  to  one a n o t h e r .  The a r e a s  be tw een  th e  t h y l a ­
k o id s  were somewhat l e s s  e l e c t r o n —d ense  th a n  th e  c e n t r a l  c y to p la sm .
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F ig u re  28 . L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  t y p i c a l  
young NO^-grown M. lam inosus  c e l l .  C = 
carboxysom e; CC = c e n t r a l  c y to p la sm ; L = 
l i p i d  body; N = n u c l e a r  m a t e r i a l ;  S = 
e x t e r n a l  s h e a th  l a y e r ;  T = p h o t o s y n th e t i c  
th y l a k o id  membranes. Bar = 1.0 pm.
F ig u r e  29 . L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  t y p i c a l  
o ld  NO^-grown M. lam inosus  c e l l .  C = 
carboxysom e; L = l i p i d  body; P = p o ly ­
p h o sp h a te  body . Bar = 1.0 pm.
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The u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  c e l l s  in  th e  o l d e r ,  w id e r  
f i l a m e n t s  ( F ig .  29) d i f f e r e d  from th o s e  o f  younger c e l l s  ( F i g .  28) 
in  s e v e r a l  w ays. T here  was l e s s  o f  a c l e a r  d i s t i n c t i o n  be tw een  th e  
c e n t r a l  c y to p la s m ic  and p e r i p h e r a l  th y l a k o id  p o r t i o n s  o f  th e  c e l l  
b e c a u se  th e  t h y l a k o i d s  u s u a l l y  ex ten d e d  i n t o  th e  c e n t r a l  p o r t i o n  o f  
th e  c e l l  and became i n t e r t w i n e d  w i th  th e  n u c l e a r  m a t e r i a l .  The 
t h y la k o id s  a l s o  had l e s s  te n d e n c y  to  run  p a r a l l e l  to  one a n o th e r .
The number o f  l i p i d  b o d ie s  was h ig h e r  (22-32  p e r  s e c t i o n ) ,  a s  was 
th e  number o f  carboxysom es (6 -1 0  p e r  s e c t i o n ) .  P o ly p h o sp h a te  b o d ie s  
were a l s o  p r e s e n t  in  th e  o l d e r  c e l l s  (1 -3  p e r  s e c t i o n ) .  The r i b o -  
somal c o n te n t  o f  each  o ld  c e l l  was red u ced  c o n s i d e r a b l y ;  i t  was 
d i f f i c u l t  t o  l o c a t e  any r ib o so m es  i n  most o l d e r  c e l l s .  T h is  l e d  to  
a d e c r e a s e  in  c y to p la s m ic  e l e c t r o n  d e n s i t y  and cau sed  th e  n u c l e a r  
f i b r i l s  t o  sp re a d  o u t  tow ard  th e  p e r i p h e r a l  p o r t i o n  o f  th e  c e l l .
U l t r a s t r u c t u r a l  C h a r a c t e r i s t i c s  o f  N^-Grown C e l l s . The e x t e r ­
n a l  u l t r a s t r u c t u r a l  f e a t u r e s  o f  l^ -g ro w n  M. lam in o su s  c e l l s  were 
e s s e n t i a l l y  i d e n t i c a l  t o  th o s e  o f  NO^-grown c e l l s  ( a b o v e ) .  No ob­
v io u s  d i f f e r e n c e s  were d e t e c t e d  in  th e  u l t r a s t r u c t u r e  o f  e i t h e r  
th e  c e l l  e n v e lo p e  o r  th e  common s h e a th  l a y e r .
The i n t e r n a l  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  a  t y p i c a l  c e l l  
i n  a  young, N2 ~grown f i l a m e n t  a r e  shown i n  F i g .  30 . In  c o n t r a s t  to  
t h o s e  o f  young c e l l s  in  NO^-grown f i l a m e n t s  ( a b o v e ) ,  t h e  t h y l a k o i d s  
in  N2 ~gtown c e l l s  d id  n o t  te n d  to  ru n  p a r a l l e l  t o  one a n o t h e r .  I n ­
s t e a d ,  th e y  were random ly  s c a t t e r e d  th ro u g h o u t  th e  p e r i p h e r a l  p o r t ­
io n  o f  th e  c e l l .  The t h y l a k o id  sy s tem  c o n s i s t e d  o f  many sm a l l  mem­
b ra n e  seg m en ts ,  r a t h e r  th a n  a few l a r g e  membrane s h e e t s .  In  t h i s
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c h a r a c t e r i s t i c ,  th e  t h y l a k o i d s  were somewhat s i m i l a r  t o  th o s e  o f  o ld  
c e l l s  i n  th e  NO^-grown c u l t u r e s  ( F ig .  2 9 ) .  The a r e a s  be tw een  th e  
t h y l a k o id  membranes were c o n s id e r a b ly  l e s s  e l e c t r o n - d e n s e  th a n  th e  
c e n t r a l  c y to p la sm . Some p h y c o b i l iso m e s  were p r e s e n t  i n  t h e s e  a r e a s ,  
b u t  f o r  t h e  m ost p a r t ,  th e y  were f i l l e d  w i th  l a r g e  numbers o f  e l e c ­
t r o n - t r a n s p a r e n t  p o ly s a c c h a r id e  g r a n u le s  o r  ’^ - g r a n u l e s "  (Chao and 
Bowen, 1971; P a n k ra tz  and Bowen, 1963; Wolk, 1973). These p o ly ­
s a c c h a r i d e  g r a n u le s  were c o n s i d e r a b l y  more numerous th a n  i n  young 
NO^-grown c e l l s  ( F i g .  2 8 ) .  Carboxysomes were a l s o  more numerous in  
^ - g r o w n  c e l l s  (6 -1 5  p e r  s e c t i o n ) ,  w h i le  l i p i d  b o d ie s  (0 -3  p e r  s e c t ­
i o n ) ,  r ib o s o m e s ,  and n u c l e a r  m a t e r i a l  were  p r e s e n t  i n  n o t i c e a b l y  
low er am ounts .
The u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  a  t y p i c a l  c e l l  i n  an o ld  
^ - g r o w n  f i l a m e n t  a re  shown i n  F i g .  31 . As was th e  c a s e  in  NO^- 
grown c u l t u r e s ,  th e  d i s t i n c t i o n  be tw een  th e  t h y l a k o i d a l  and c e n t r a l  
c y to p la s m ic  r e g io n s  was l e s s  c l e a r  in  o ld  c e l l s  b e c a u se  th e  t h y l a ­
k o id s  te n d e d  to  s p re a d  th ro u g h o u t  th e  c y to p la sm  and become i n t e r ­
tw ined  w i th  n u c l e a r  m a t e r i a l .  Carboxysomes (8 -2 2  p e r  s e c t i o n )  and 
l i p i d  b o d ie s  (4 -1 7  p e r  s e c t i o n )  were more numerous th a n  in  young 
N2 “ grown c e l l s .
U l t r a s t r u c t u r e  o f  N -S ta rv ed  C e l l s . N i t ro g e n  s t a r v a t i o n  d id  n o t  
n o t i c e a b l y  a f f e c t  th e  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  e i t h e r  th e  
c e l l  en v e lo p e  o r  th e  common s h e a th  l a y e r  i n  M. 1a m in o su s . However, 
th e  i n t e r n a l ,  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  b o th  young ( F i g .  32) 
and o ld  ( F ig .  33) c e l l s  changed m arked ly  d u r in g  n i t r o g e n  s t a r v a t i o n .  
F l u c t u a t i o n s  in  t h e  numbers o f  i n c l u s i o n  b o d ie s  were e s p e c i a l l y  
n o t i c e a b l e  i n  b o th  c a s e s  and a r e  summarized in  T a b le s  1 and 2 . The
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F ig u r e  3 0 .  L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  t y p i c a l  
young ^ “ grown M. 1am inosus c e l l . C = 
carboxysom e; PG = p o ly s a c c h a r id e  g r a n u l e s .  
Bar = 1.0 pm.
F ig u re  31 . C ross  s e c t i o n  ( t h i n )  th ro u g h  t y p i c a l  o ld  
^ " g r o w n  M. lam in o su s  c e l l . C = ca rb o x y ­
some; L = l i p i d  body . Bar = 1.0 pm.
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F ig u r e  32 . L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  t y p i c a l  
young N - s ta r v e d  M. 1am inosus c e l l .  L = 
l i p i d  body ; P = p o ly p h o sp h a te  body; PL = 
p la s m o ly s i s ;  TV = t h y la k o id  v e s i c u l a t i o n .  
Bar = 1.0 Jim.
F ig u r e  3 3 .  L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  t y p i c a l  
o ld  N -s ta rv e d  M. lam in o su s  c e l l .  L = 
l i p i d  body ; P = p o ly p h o sp h a te  body; PL = 
p l a s m o ly s i s ;  TV = th y l a k o id  v e s i c u l a t i o n .  
B ar = 1.0 Jim.
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TABLE 1. E f f e c t s  o f  N i t ro g e n  S t a r v a t i o n  on th e  Numbers o f  
S p e c i a l i z e d  I n c l u s i o n  B od ies  i n  Young C e l l s  o f  M.
lam in o su s
I n c l u s i o n  body
Carboxysomes L ip id  b o d ie s  P o ly p h o sp h a te
b o d ie s
Time (h )  No. p e r  l o n g i t u d i n a l  s e c t io n *
0 6 - 1 5 0 1 00 R are
6 Ul l 00 6 - 1 3 Rare
19 0 -  1 1 1 - 2 5 0 -  1
25 0 -  1 15 -  38 0 -  1
44 0 -  1 9 - 2 0 0 - 3
D ata  ta k e n  o n ly  from l o n g i t u d i n a l  s e c t i o n s  t h a t  p a sse d  th ro u g h  
th e  c e n t e r  o f  a c e l l .
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TABLE 2 . E f f e c t s  o f  N i t ro g e n  S t a r v a t i o n  on th e  Numbers o f  
S p e c i a l i z e d  I n c l u s i o n  B od ies  i n  Old C e l l s  o f  M.
1am inosus
I n c l u s i o n  body
Carboxysomes L i p id  B odies P o ly p h o sp h a te
b o d ie s
Time (h ) No. p e r  l o n g i t u d i n a l  s e c t i o n *
0 8 - 2 2 4 - 1 7 0
6 5 - 1 7 1 1 - 3 4 0
19 0 -  1 N.D.** 0 - 2
25 0 -  1 1 1 - 3 0 0 -  1
44 0 -  1 20 -  36 0 - 2
D ata  ta k e n  o n ly  from l o n g i t u d i n a l  s e c t i o n s  t h a t  p a ss e d  th ro u g h  
th e  c e n t e r  o f  a c e l l .
**
N.D. a  I n s u f f i c i e n t  d a t a .
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carboxysom es were d e p le t e d  r a p i d l y  and e x t e n s i v e l y  i n  r e s p o n s e  to  
n i t r o g e n  s t a r v a t i o n ,  d i s a p p e a r in g  a lm o s t  e n t i r e l y  w i t h i n  19 h a f t e r  
th e  s w i tc h o v e r  from C C ^ / ^  t o  CC^/argon ( M a t e r i a l s  and M e th o d s) .
I n  c o n t r a s t ,  th e  number o f  l i p i d  b o d ie s  i n c r e a s e d  c o n s i d e r a b l y .  
P o ly p h o sp h a te  b o d ie s  a p p ea red  in  abou t 75% o f  th e  young c e l l s  and 
in  a b o u t  60% o f  th e  o ld  c e l l s  (up t o  3 p e r  s e c t i o n )  be tw een  19 and 
44 h .  P h y c o b i l iso m e s  were d eg rad ed  in  b o th  c e l l s  be tw een  0 and 19 
h ,  l e a d i n g  to  a  r e d u c t i o n  in  th e  e l e c t r o n  d e n s i t y  o f  th e  a r e a s  b e ­
tween th e  th y la k o id  membranes. The t h y la k o id s  th e m se lv e s  frag m en ted  
i n t o  s m a l l e r  p i e c e s  and te n d e d  to  v e s i c u l a t e ,  e s p e c i a l l y  be tw een  19 
and 44 h ( F ig .  32 and F i g .  3 3 ) .  P la s m o ly s i s  was e v id e n t  i n  many 
c e l l s  a f t e r  th e  p h y c o b i l i so m e s  were d eg rad ed  ( w i th i n  19 h ) .
U l t r a s t r u c t u r e  o f  th e  H e te r o c y s t  D i f f e r e n t i a t i o n  P ro c e s s
V e g e ta t iv e  c e l l s  i n  b o th  young and o ld  f i l a m e n t s  were c a p a b le  
o f  d i f f e r e n t i a t i n g  i n t o  h e t e r o c y s t s .  The sequence  o f  u l t r a s t r u c t -  
u r a l  changes t h a t  to o k  p la c e  d u r in g  h e t e r o c y s t  d i f f e r e n t i a t i o n  was 
t h e  same i n  b o th  c a s e s .  C o n se q u e n t ly ,  young and o ld  f i l a m e n t s  a r e  
n o t  c o n s id e re d  s e p a r a t e l y  in  th e  fo l lo w in g  d e s c r i p t i o n .
The e a r l i e s t  u l t r a s t r u c t u r a l  changes  r e l a t e d  to  h e t e r o c y s t  
d i f f e r e n t i a t i o n  was q u i t e  s u b t l e ,  b e in g  e v id e n t  o n ly  as  m inor dev­
i a t i o n s  i n  th e  o th e r w is e  u n ifo rm  s t r u c t u r e  o f  c e l l s  w i t h i n  a  s i n g l e  
f i l a m e n t .  The f i r s t  such  change was a d e c r e a s e  i n  th e  number o f  
e l e c t r o n - t r a n s p a r e n t  p o ly s a c c h a r id e  g r a n u le s  be tw een  th e  t h y l a k o i d s ,  
t h e r e b y  le a d i n g  to  an i n c r e a s e  in  th e  o v e r a l l  e l e c t r o n  d e n s i t y  o f  
th e  c e l l .  The d e c r e a s e  in  p o ly s a c c h a r id e  was a lw ays accom panied by 
th e  ap p ea ran ce  o f  e l e c t r o n - d e n s e  r ib o so m a l  m a t e r i a l  ( F i g .  3 4 ) .  For
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th e  p u rp o se s  o f  t h i s  s t u d y ,  c e l l s  d i s p l a y i n g  th e s e  s u b t l e  u l t r a -  
s t r u c t u r a l  changes  were a r b i t r a r i l y  te rm ed  " d i f f e r e n t i a t i n g  c e l l s "  
b eca u se  ( i )  th e y  d i f f e r e d  u l t r a s t r u c t u r a l l y  from th e  r e s t  o f  th e  
c e l l s  i n  th e  same f i l a m e n t  and ( i i )  t h e i r  u l t r a s t r u c t u r a l  f e a t u r e s  
b o re  some re sem b len ce  to  th o s e  o f  th e  p r o h e t e r o c y s t s  d e s c r ib e d  
be low .
P r o h e t e r o c y s t s  ( L i t e r a t u r e  Review) were d e f in e d  as  c e l l s  in  
w hich o b v io u s  u l t r a s t r u c t u r a l  changes  had ta k e n  p l a c e ,  some o f  
which c l e a r l y  co u ld  be r e l a t e d  t o  th e  l a r g e r  fo r m a t io n  o f  m a tu re  
h e t e r o c y s t s .  The e a r l i e s t  s t a g e s  i n  p r o h e t e r o c y s t  developm ent a re  
shown in  F i g s .  3 5 -3 7 .  T here  was a c o n t in u e d  r e d u c t i o n  i n  th e  num­
b e r  o f  e l e c t r o n - t r a n s p a r e n t  p o ly s a c c h a r id e  g r a n u le s  be tw een  th e  
t h y l a k o i d s ,  r e s u l t i n g  i n  th e  fo r m a t io n  o f  s t r u c t u r e l e s s ,  l i g h t  
g ra y  p a tc h e s  th ro u g h o u t  th e  c e l l .  The d i s a p p e a ra n c e  o f  p o ly ­
s a c c h a r id e  was accom panied by two o t h e r  e v e n ts  ( F i g .  3 5 ) :  ( i )  th e  
t h y l a k o id  segm ents  te n d e d  to  s t r a i g h t e n  o u t  and e lo n g a t e  and ( i i )  
th e  number o f  carboxysom es p e r  s e c t i o n  was g r e a t l y  red u ced  (none 
in  most s e c t i o n s ,  one o r  two sm a l l  ones i n  th e  r e s t ) .  As th e s e  
e a r l y  p r o h e t e r o c y s t s  c o n t in u e d  t o  d e v e lo p ,  t h e i r  o v e r a l l  e l e c t r o n  
d e n s i t y  i n c r e a s e d  ( F i g .  3 6 ) .  T h is  was due to  c o n t in u e d  d e p l e t i o n  
o f  p o ly s a c c h a r id e  and an  i n c r e a s e  in  th e  amount o f  t h y l a k o id  mem­
b r a n e .  The th y l a k o id  segm ents  a p p a r e n t l y  were e l o n g a t in g  a n d /o r  
i n c r e a s i n g  i n  number. Membrane s y n t h e s i s  th e n  c o n t in u e d  ( F i g .  3 7 ) ,  
l e a d i n g  to  th e  p ro d u c t io n  o f  lo n g e r  o r  more c o n t in u o u s  th y la k o id s  
and sm a ll  b u n d le s  o f  c l o s e l y  ap p o sed , l a m e l l a r  s t a c k s  o f  membranes. 
At th e  same t im e ,  th e  p o le s  o f  some h e t e r o c y s t s  began  to  d i f f e r e n t ­
i a t e  i n  o r d e r  to  form th e  "n ec k s"  ( C a r r ,  1979) l e a d in g  t o  th e
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F ig u r e  3 4 .  L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  o ld  
grown M. lam in o su s  f i l a m e n t ,  d e p i c t i n g  
(DC) a t y p i c a l  ' ' d i f f e r e n t i a t i n g  c e l l "
( s e e  t e x t ) .  O v e r a l l  e l e c t r o n  d e n s i t y  o f  
cy to p la sm  i s  g r e a t e r  th a n  t h a t  o f  n e ig h ­
b o r in g  c e l l s ,  owing to  d e p l e t i o n  o f  
e l e c t r o n - t r a n s p a r e n t  p o ly s a c c h a r id e  g ra n ­
u l e s  and a c c u m u la t io n  o f  e l e c t r o n - d e n s e  
r ib o so m a l  m a t e r i a l .  Bar = 2 . 0  pm.
F ig u r e  3 5 .  L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  v e ry
e a r l y  p r o h e t e r o c y s t  i n  young ^ - g r o w n  M. 
lam in o su s  f i l a m e n t .  Sm all g ra y  p a tc h e s  
a r e  p r e s e n t  be tw een  t h y l a k o i d s ,  owing to  
breakdown o f  p o ly s a c c h a r id e  g r a n u le s  t h a t  
p r e v io u s ly  f i l l e d  t h e s e  a r e a s .  Note 
s t r a i g h t e n i n g  t h y l a k o i d s  and l a c k  o f  
c arboxysom es. Bar = 2 .0  pm.
F ig u r e  36 . L o n g i tu d in a l  t h i n  s e c t i o n s  th ro u g h  e a r l y  
p r o h e t e r o c y s t  i n  young ^ - g r o w n  M. 
lam in o su s  f i l a m e n t .  Note in c r e a s e d  
a cc u m u la t io n  o f  r ib o so m a l  m a t e r i a l  (R ) ,  
compared t o  F i g .  3 5 .  Bar = 2 . 0  pm.
F ig u r e  37 . L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  f u l l y  
d e v e lo p ed  e a r l y  p r o h e t e r o c y s t  in  o ld  
grown M. lam in o su s  f i l a m e n t .  HL = homo­
g e n eo u s ,  e x t r a  w a l l  l a y e r ;  LS = b u n d le s  
o f  c l o s e l y  a p p o sed , l a m e l l a r  s t a c k s  o f  
membranes; NK = neck  l e a d i n g  to  a d ja c e n t  




a d ja c e n t  c e l l s  i n  th e  f i l a m e n t ,  and a homogeneous, r e l a t i v e l y  e l e c ­
t r o n - t r a n s p a r e n t  e x t r a  w a l l  l a y e r  began to  a p p e a r  a t  th e  o u te r  
s u r f a c e  o f  th e  o u t e r  membrane ( F i g .  3 7 ) .
The in t e r m e d i a t e  s t a g e s  o f  p r o h e t e r o c y s t  developm ent a r e  i l l u s ­
t r a t e d  i n  F i g s .  38 and 3 9 .  C o n s id e ra b le  amounts o f  new membrane 
s y n t h e s i s  r e s u l t e d  in  th e  fo r m a t io n  o f  l a r g e r  and more numerous 
b u n d le s  o f  l a m e l l a r  membrane s t a c k s  ( F i g .  3 8 ) .  Most o f  t h e s e  lam­
e l l a r  membrane b u n d le s  were  l o c a t e d  n e a r  th e  d e v e lo p in g  necks  a t  
each  end o f  th e  c e l l ,  a l th o u g h  some o f  th e  s m a l l e r  b u n d le s  were 
l o c a t e d  i n  o t h e r  p a r t s  o f  th e  c e l l  as w e l l .  Membrane s y n t h e s i s  a l s o  
le d  to  an in c r e a s e d  amount o f  t h y l a k o id  membrane th ro u g h o u t  th e  en­
t i r e  c e l l ,  t h e r e b y  p ro d u c in g  a  m arked i n c r e a s e  i n  o v e r a l l  e l e c t r o n  
d e n s i t y .  I n t e r m e d ia t e  p r o h e t e r o c y s t s  u s u a l l y  had  a " s a l t - a n d - p e p p e r "  
a p p ea ran ce  ( F ig .  3 9 ) ,  owing to  t h e i r  u n u su a l  a rran g em en t o f  membranes 
mixed w i th  e l e c t r o n - d e n s e  r ib o so m es  and ( t h e  few re m a in in g )  e l e c t r o n -  
t r a n s p a r e n t  p o ly s a c c h a r id e  g r a n u l e s .  L ip id  b o d ie s  were s t i l l  numer­
ous i n  th e  in t e r m e d ia t e  p r o h e t e r o c y s t s ,  b u t  carboxysom es were n o t  
p r e s e n t .  The homogeneous e x t r a  w a l l  l a y e r  th ic k e n e d  and became more 
o b v io u s ,  w h i le  i n  some c a s e s ,  th e  t e r m in a l  n eck s  underw ent f u r t h e r  
sh ap in g  and d e v e lo p m en t.
The l a t e  s t a g e s  i n  p r o h e t e r o c y s t  developm ent a r e  d e p ic t e d  in  
F i g s .  40 and 4 1 . Membrane s y n t h e s i s  c o n t in u e d ,  p ro d u c in g  an i n ­
c r e a s e d  number o f  c l o s e l y  p ack ed , e l e c t r o n - d e n s e  membranes th ro u g h o u t  
th e  e n t i r e  c e l l  ( F i g .  4 0 ) .  The d i s t i n c t i o n  betw een th y la k o i d s  and 
l a m e l l a r  b u n d le s  o f  membranes became i n c r e a s i n g l y  l e s s  c l e a r  a s  t h i s  
p ro c e s s  c o n t in u e d .  The necks  l e a d i n g  to  a d j a c e n t  c e l l s  became f u l l y  
d ev e lo p ed  d u r in g  th e  l a s t  s t a g e s  o f  p r o h e t e r o c y s t  developm ent and th e  
homogeneous e x t r a  w a l l  l a y e r  th ic k e n e d  n o t i c e a b l y  around  th e s e  necks  
( F ig .  4 1 ) .
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F ig u r e  3 8 .  L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  in t e r m e d i a t e  
p r o h e t e r o c y s t  in  young N2-grown M. lam in o su s  
f i l a m e n t .  Numerous b u n d le s  o f  l a m e l l a r  mem­
b ra n e  s t a c k s  (LS) a r e  p r e s e n t  i n  c y to p la sm ,  
e s p e c i a l l y  n e a r  c e l l  p o l e s .  Note i n c r e a s e d  
e l e c t r o n  d e n s i t y  o f  c y to p la sm ,  a s  compared 
t o  e a r l i e r  p r o h e t e r o c y s t s  ( F i g s .  3 5 -3 7 ) .
Bar = 2 . 0  pm.
F ig u r e  39 . L o n g i tu d in a l  th in ,  s e c t i o n  th ro u g h  i n t e r m e d i a t e  
p r o h e t e r o c y s t  in  o ld  N2“ grown M. lam in o su s  
f i l a m e n t .  Note " s a l t - a n d - p e p p e r "  a p p ea ra n ce  
o f  c y to p la sm  ( s e e  t e x t )  and w e l l  d ev e lo p ed  
neck  l e a d i n g  t o  a d j a c e n t  c e l l .  L = l i p i d  
b o dy . B ar = 1.0 pm.
F ig u r e  4 0 .  L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  l a t e  p r o ­
h e t e r o c y s t  i n  o ld  N^-grown M. lam in o su s  
f i l a m e n t .  Note h ig n  e l e c t r o n  d e n s i t y  o f  
c y to p la sm ,  owing to  a cc u m u la t io n  o f  mem­
b ra n o u s  m a t e r i a l .  HL = homogeneous e x t r a  
w a l l  l a y e r .  Bar = 1.0 Jim.
F ig u r e  4 1 .  L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  n eck  a r e a  
o f  l a t e  p r o h e t e r o c y s t  i n  o ld  N2~grown M. 
la m in o su s  f i l a m e n t .  Note t h i c k e n in g  o f  
homogeneous e x t r a  w a l l  l a y e r  (HL) around  
neck  a r e a .  Bar = 1.0 pm.
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U l t r a s t r u c t u r a l  C h a r a c t e r i s t i c s  o f  M ature  H e te r o c y s t s
U l t r a s t r u c t u r e  o f  H e te r o c y s t s  i n  N^-Grown C u l t u r e s . M ature  
h e t e r o c y s t s  ( F i g .  42) i n  I^ -g ro w n  f i l a m e n t s  t y p i c a l l y  p o s s e s s e d  an 
e l e c t r o n - d e n s e ,  homogeneous i n t e r i o r  t h a t  was v i r t u a l l y  f i l l e d  w i th  
membranes. I f  n u c l e a r  m a t e r i a l  was p r e s e n t ,  i t  was o b sc u re d  by th e  
o v e r a l l  e l e c t r o n  d e n s i t y  o f  th e  c y to p la sm . P o ly s a c c h a r id e  g r a n u l e s ,  
carboxysom es, and l i p i d  b o d ie s  were a b s e n t  from m atu re  h e t e r o c y s t s .  
The o n ly  i n c l u s i o n s  in  t h e s e  c e l l s  were s m a l l ,  s p h e r i c a l  b o d ie s  
( F ig .  43) o f  v a r y in g  e l e c t r o n  d e n s i t y .  These i n c l u s i o n s  were s u r r ­
ounded by a s i n g l e  t h i n ,  e l e c t r o n - d e n s e  bound ing  l a y e r  a p p ro x im a te ly  
2 nm t h i c k .  They were a b o u t  th e  same s i z e  as  l i p i d  b o d i e s ,  b u t  had 
d i s t i n c t l y  d i f f e r e n t  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s .  Such i n c l u s ­
io n s  have n o t  been  o b se rv e d  i n  h e t e r o c y s t s  formed by o t h e r  ty p e s  o f  
c y a n o b a c t e r i a .  A few m a tu re  h e t e r o c y s t s  a l s o  c o n ta in e d  c y a n o p h y c in -  
l i k e  " p lu g s "  (Lang, 1965; Lang and F ay , 1971; W ilcox e t  a l . ,  1973b) 
n e a r  th e  n eck s  le a d i n g  to  a d j a c e n t  c e l l s  ( F ig .  4 3 ) ,  b u t  t h e s e  were 
n o t  p r e s e n t  in  most h e t e r o c y s t s .  A l l  m a tu re  h e t e r o c y s t s  p o s se s s e d  
a th ic k e n e d  homogeneous ( e x t r a )  w a l l  l a y e r .
U l t r a s t r u c t u r e  o f  H e te r o c y s t s  i n  N -s ta rv e d  C u l t u r e s . The u l t r a -  
s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  m a tu re  h e t e r o c y s t s  i n  ^ - s t a r v e d  c u l t ­
u re s  were somewhat more v a r i a b l e  th a n  th o s e  o f  h e t e r o c y s t s  i n  IS^- 
grown c u l t u r e s .  The membranes in  th e  cy to p la sm  o f  most h e t e r o c y s t s  
ten d ed  t o  s p l i t  a p a r t  be tw een 19 and 25 h a f t e r  th e  s w i tc h o v e r  to  
C l^ /a rg o n ,  r e s u l t i n g  in  th e  fo r m a t io n  o f  empty v e s i c l e s  be tw een  them 
( F ig .  4 4 ) .  These v e s i c l e s  i n c r e a s e d  in  b o th  s i z e  and f r e q u e n c y  i n  
some h e t e r o c y s t s ,  e v e n t u a l l y  l e a d i n g  to  th e  fo rm a t io n  o f  l a r g e ,
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F ig u r e  4 2 .  L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  m a tu re  
h e t e r o c y s t  i n  o ld  ^ “ grown M. lam in o su s  
f i l a m e n t .  Note homogeneous, e l e c t r o n -  
dense  ap p ea ra n ce  o f  c y to p la sm , w hich i s  
a lm o s t  e n t i r e l y  f i l l e d  w i th  membranes. 
Bar = 1.0 pm.
F ig u r e  4 3 .  L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  n eck  a r e a  
o f  m a tu re  h e t e r o c y s t  in  young ^ " g r o w n  M. 
la m in o su s  f i l a m e n t .  CP = c y an o p h y c in -1 ik e  
p lu g ;  SB = s p h e r i c a l  body o f  v a r i a b l e  e l e c ­
t r o n  d e n s i t y .  Bar = 0 .5  pm.
F ig u r e  4 4 .  O b lique  t h i n  s e c t i o n  th ro u g h  m a tu re  h e t e r o ­
c y s t  i n  young N -s ta rv e d  M. lam in o su s  f i l a ­
ment . Membranes have s e p a r a t e d  t o  form 
empty v e s i c l e s  (V) i n  c y to p la sm . Bar =
1.0 pm.
F ig u r e  4 5 .  O b liq u e  t h i n  s e c t i o n  th ro u g h  h i g h l y  v e s i c u -  
l a t e d  m a tu re  h e t e r o c y s t  i n  o ld  N -s ta rv e d  
—• lam in o su s  f i l a m e n t .  V e s i c u l a t i o n  h a s  
l e d  t o  fo r m a t io n  o f  l a r g e  empty a r e a s  in  
th e  c y to p la sm . SB = s p h e r i c a l  body o f  
v a r i a b l e  e l e c t r o n  d e n s i t y .  Bar = 1.0 pm.
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s t r u c t u r e l e s s  v o id s  ( F i g .  45) t h a t  som etim es f i l l e d  as  much as  t h r e e  
f o u r th s  o f  t h e  c e l l  volume and u s u a l l y  c o n ta in e d  v e s i c u l a r  f rag m e n ts  
o f  membranes.
M o rp h o lo g ic a l  A sp e c ts  o f  H e te r o c y s t  F o rm atio n
H e te r o c y s t  F o rm a tio n  in  R egard to  M o rp h o lo g ic a l  Types o f  C e l l s . 
As s t a t e d  e a r l i e r ,  a l l  o f  th e  m o rp h o lo g ic a l  ty p e s  o f  c e l l s  in  M. 
lam in o su s  were c a p a b le  o f  d i f f e r e n t i a t i n g  i n t o  h e t e r o c y s t s .  M ature  
h e t e r o c y s t s  and a l l  s t a g e s  o f  d e v e lo p in g  h e t e r o c y s t s  were s ee n  in  
b o th  young and o ld  f i l a m e n t s .  I n  young f i l a m e n t s ,  th e  h e t e r o c y s t s  
were lo n g e r  and w id e r  th a n  th e  n e ig h b o r in g  v e g e t a t i v e  c e l l s  i n  th e  
same f i l a m e n t  ( F i g s .  26 and 27 ) .  H e te r o c y s t  d i f f e r e n t i a t i o n  in  
young f i l a m e n t s ,  t h e n ,  l e d  to  a change in  c e l l u l a r  m orphology t h a t  
a f f e c t e d  s i z e  b u t  n o t  s h a p e .  In  c o n t r a s t ,  h e t e r o c y s t  d i f f e r e n t i a t i o n  
i n  th e  o ld  f i l a m e n t s  a f f e c t e d  n e i t h e r  s i z e  n o r  shape ( F i g s .  37 and 
4 0 ) .  S in ce  p r o h e t e r o c y s t s  e s s e n t i a l l y  assumed th e  shape  o f  th e  
v e g e t a t i v e  c e l l  from which th e y  d e v e lo p e d ,  m a tu re  h e t e r o c y s t s  o f  
w id e ly  v a r y in g  d ia m e te r s  and sh ap es  e v e n t u a l l y  a p p ea re d  i n  o l d e r  
c u l t u r e s  o f  M. la m in o s u s . E l e c t r o n  m ic ro sco p y  showed t h a t  t h e  i n ­
t e r n a l  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  t h e s e  h e t e r o c y s t s  were 
s i m i l a r ,  d e s p i t e  th e  d i f f e r e n c e s  in  t h e i r  e x t e r n a l  m orpho logy .
P o s i t i o n s  o f  H e te r o c y s t s  in  Young F i l a m e n t s . A r e p r o d u c ib l e  
h e t e r o c y s t  s p a c in g  p a t t e r n  ( L i t e r a t u r e  Review) d id  n o t  o c c u r  in  
young f i l a m e n t s  o f  M. la m in o s u s . The number o f  v e g e t a t i v e  c e l l s  
be tw een  c o n s e c u t iv e  h e t e r o c y s t s  (2 -2 0  in  ^ “ grown c u l t u r e s ;  1-9 in  
N -s ta rv e d  c u l t u r e s )  v a r i e d  by a f a c t o r  o f  t e n ,  even  w i t h i n  a s i n g l e  
f i l a m e n t .  In  a d d i t i o n ,  h e t e r o c y s t s  d id  n o t  ap p ea r  to  d i f f e r e n t i a t e
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as  a  r e s u l t  o f  asym m etr ic  c e l l  d i v i s i o n ,  as h a s  been  d e s c r ib e d  f o r  
Anabaena s p e c i e s  (M itc h is o n  and W ilco x , 1972; W ilcox  e t  a l . ,  1973b).
P o s i t i o n s  o f  H e te r o c y s t s  i n  Old F i l a m e n t s . H e te r o c y s t s  d i f f ­
e r e n t i a t e d  a t  s e v e r a l  l o c a t i o n s  w i t h i n  th e  b ra n c h in g  p o r t i o n s  o f  o l d ,  
p leo m o rp h ic  f i l a m e n t s .  M ature h e t e r o c y s t s  were o f  two ty p e s :  th o s e  
which had t e r m in a l  n eck s  l e a d i n g  t o  b o th  n e ig h b o r in g  c e l l s  ( F ig .  46 ; 
" i n t e r c a l a r y  h e t e r o c y s t s "  a s  d e f in e d  by R ippka e t  a l . ,  1979) and 
th o s e  w hich  had o n ly  a  s i n g l e  neck  ( F i g .  4 7 ; " t e r m in a l  h e t e r o c y s t s "  
as d e f in e d  by R ippka  e t  a l . ,  1979). H e te r o c y s t s  o f  th e  second ty p e  
som etim es became th e  t e r m in a l  c e l l  o f  th e  m ain  f i l a m e n t  ( F ig .  4 8 ) .  
P r o h e t e r o c y s t s  and m a tu re  h e t e r o c y s t s  w i t h i n  th e  m ain f i l a m e n t  were 
som etim es i s o l a t e d  from b ra n c h  p o i n t s  by n e ig h b o r in g  v e g e t a t i v e  c e l l s ,  
a l th o u g h  th e  m a j o r i t y  were  s i t u a t e d  im m ed ia te ly  a d j a c e n t  to  b ra n c h  
f i l a m e n t s .  The h e t e r o c y s t s  formed on one ( F ig .  49) o r  b o th  ( F ig .  50) 
s i d e s  o f  th e  b ra n c h e s  i n  th e s e  c a s e s .
H e te r o c y s t s  a l s o  d ev e lo p e d  i n  t h e  l a t e r a l  b ra n c h e s  o f  th e  o ld ,  
p leo m o rp h ic  f i l a m e n t s .  These h e t e r o c y s t s  u s u a l l y  became t e r m in a l  
c e l l s  o f  th o s e  f i l a m e n t s  ( F ig .  5 1 ) ,  p o s s i b l y  p r e v e n t in g  f u r t h e r  
e l o n g a t i o n  o f  th e  b r a n c h e s .  T e rm in a l  h e t e r o c y s t s  f r e q u e n t l y  formed 
i n  p la c e  o f  b ra n c h  f i l a m e n t s  ( F ig .  5 1 ) ,  o r  i n  r a r e  i n s t a n c e s  on b o th  
d a u g h te r  c e l l s  p roduced  when a  c e l l  i n  th e  o ld  f i l a m e n t  d iv id e d  p a r a ­
l l e l  t o  th e  lo n g  a x i s  o f  th e  o ld  f i l a m e n t  ( F i g .  4 9 ) .
Numbers o f  H e t e r o c y s t s . M. lam in o su s  was c a p a b le  o f  form ing 
u n u s u a l ly  l a r g e  numbers o f  h e t e r o c y s t s  i n  com parison  to  th e  o t h e r  
h e t e r o c y s to u s  c y a n o b a c t e r i a  t h a t  have been  s t u d i e d  to  d a te  (Adams 
and C a r r ,  1981). T h is  was e s p e c i a l l y  t r u e  i n  N -s ta rv e d  c u l t u r e s .
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F ig u re  4 6 .  L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  o ld  N2 "  
grown M. lam in o su s  f i l a m e n t  c o n ta i n in g  
i n t e r c a l a r y  h e t e r o c y s t  ( a c t u a l l y  a  d e v e l ­
op in g  p r o h e t e r o c y s t ) .  Note t h a t  necks  
(NK) le a d  to  a d j a c e n t  c e l l s  on b o th  ends 
o f  h e t e r o c y s t .  Bar = 2 . 0  p m .
F ig u r e  4 7 .  L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  o ld  N2 ~ 
grown M. lam in o su s  f i l a m e n t  c o n t a i n i n g  
t e r m in a l  h e t e r o c y s t .  H e te r o c y s t  h a s  o n ly  
one neck  (NK) l e a d i n g  to  a d j a c e n t  veg e ­
t a t i v e  c e l l .  Bar = 2 .0  ^pm.
F ig u r e  4 8 .  L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  o ld  N- 
s t a r v e d  M. la m in o su s  f i l a m e n t  i n  which a 
t e r m in a l  h e t e r o c y s t  h a s  become th e  t e r m i ­
n a l  c e l l  o f  th e  f i l a m e n t .  Note c y an o p h y c in -  
l i k e  p lu g  (CP) and e x t e n s i v e  v e s i c u l a t i o n  
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F ig u r e  4 9 .  L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  b ra n c h in g  
p o r t i o n  o f  o ld  N -s ta rv e d  M. lam in o su s  f i l a ­
m en t.  H e te r o c y s t  (HI)  h a s  formed on o n ly  
one s id e  o f  b ra n c h  p o i n t .  H e te r o c y s t s  (H2 
and H3) have a l s o  formed on b o th  d a u g h te r  
c e l l s  p roduced  by  d i v i s i o n  o f  o ld  c e l l  
p a r a l l e l  t o  lo n g  a x i s  o f  t h e  m ain f i l a ­
m e n t .  Bar = 3 .0  jam.
F ig u re  5 0 . L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  b ra n c h in g  
p o r t i o n  o f  o ld  N„-grovm M. lam in o su s  f i l a ­
m e n t.  H e te r o c y s c s  (HI and H2) have  formed 
on b o th  s i d e s  o f  b ran ch  p o i n t .  Note t h a t  
o ld  c e l l  a t  b ra n c h  p o i n t  i s  u n d e rg o in g  
d i v i s i o n  d ia o n a l  to  lo n g  a x i s  o f  m ain f i l a ­
m e n t .  Bar = 3 .0  )im.
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F ig u r e  51 . L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  m u l t i ­
b ra n c h e d ,  p leo m o rp h ic  p o r t i o n  o f  o ld  
grown M. lam in o su s  f i l a m e n t .  H e te r o c y s t s  
have formed in  m ain f i l a m e n t  ( HI ) ,  as 
t e r m in a l  c e l l  o f  b ran ch  f i l a m e n t  (H 2), 
and in  p la c e  o f  b ra n c h  f i l a m e n t  (H 3).
Note d i v i s i o n  o f  o ld  c e l l s  p a r a l l e l  (Dl )  
and d ia g o n a l  (D2) to  lo n g  a x i s  o f  main 
f i l a m e n t .  Note t h a t  c e l l s  g iv in g  r i s e  
t o  b ra n c h e s  do n o t  d i f f e r  u l t r a s t r u c t u r a l l y  
from o t h e r  c e l l s  in  main f i l a m e n t .  Bar =
5 .0  pm.
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TABLE 3 .  Changes in  th e  P r o p o r t io n s  o f  C e l l  Types 
R e la te d  to  H e te r o c y s t  D i f f e r e n t i a t i o n  
D uring  N i t r o g e n  S t a r v a t i o n  in  M. lam in o su s
A
C e l l  ty p e (% o f  T o t a l )
Time (h ) VC DC PH MH
Sample
s i z e
0 73.1 13.2 5 .4 8 .4 167
6 6 1 .4 19.7 7 .9 11.0 127
19 4 3 .4 2 8 .5 9 .6 18.5 491
25 3 3 .5 38 .1 8 .5 19.9 457
44 2 2 .2 37 .9 13.1 26 .8 396
A b b r e v ia t io n s :  VC = v e g e t a t i v e  c e l l s ;  DC = d i f f e r e n t i a t i n g  c e l l s ;  
PH = p r o h e t e r o c y s t s ;  MH = m a tu re  h e t e r o c y s t s .
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The p r o p o r t i o n s  o f  v e g e t a t i v e  c e l l s ,  " d i f f e r e n t i a t i n g  c e l l s " ,  p ro ­
h e t e r o c y s t s ,  and m a tu re  h e t e r o c y s t s  ( s e e  above) o b se rv ed  d u r in g  
p r o g r e s s i v e  N - s t a r v a t i o n  a r e  g iv e n  in  T ab le  3 .  The p r o p o r t io n  o f  
d i f f e r e n t i a t i n g  c e l l s  d ropped  d u r in g  th e  f i r s t  6 h a f t e r  t r a n s f e r  
from C C ^ / ^  t o  C C ^ /argon , w h ile  th e  p r o p o r t i o n  o f  b o th  p r o h e t e r o ­
c y s t s  and m a tu re  h e t e r o c y s t s  i n c r e a s e d .  The p r o p o r t i o n  o f  m a tu re  
h e t e r o c y s t s  c o n t in u e d  to  in c r e a s e  s h a r p ly  betw een  6 and 44 h ,  w h i le  
t h e  p r o p o r t i o n  o f  v e g e t a t i v e  c e l l s  d e c r e a s e d  s h a r p l y .  At th e  end 
o f  th e  n i t r o g e n  s t a r v a t i o n  p e r i o d ,  o n ly  22.2% o f  th e  c e l l s  rem ained  
in  th e  f u l l y  v e g e t a t i v e  form , w h i le  26.8% had become m a tu re  h e t e r o ­
c y s t s .  Assuming t h a t  th e  d i f f e r e n t i a t i n g  c e l l s  were i n  th e  p ro c e s s  
o f  becoming p r o h e t e r o c y s t s  ( s e e  a b o v e ) ,  no l e s s  th a n  77.8% o f  th e  
c e l l s  had  a t  l e a s t  s t a r t e d  h e t e r o c y s t  d i f f e r e n t i a t i o n  by th e  end o f  
th e  s t a r v a t i o n  p e r i o d .
F o rm a t io n  o f  M u l t i p l e  A d ja c e n t  H e t e r o c y s t s . M. la m in o su s  d i s ­
p la y ed  a marked ten d en c y  t o  form s e t s  o f  c o n s e c u t i v e ,  a d j a c e n t  
h e t e r o c y s t s  and p r o h e t e r o c y s t s  ( i . e . ,  h e t e r o c y s t s  and p r o h e t e r o c y s t s  
t h a t  were n o t  s e p a r a t e d  from each  o t h e r  by i n t e r v e n i n g  v e g e t a t i v e  
c e l l s ) .  I n  young f i l a m e n t s ,  t h i s  te n d e n c y  was l i m i t e d  to  th e  fo rm a t­
io n  o f  d o u b le  h e t e r o c y s t s  o r  p r o h e t e r o c y s t s  ( F i g .  5 2 ) .  Both o f  th e  
c e l l s  i n  p a i r e d  p r o h e t e r o c y s t s  a lw ays ap p ea re d  to  be a t  th e  same 
s ta g e  o f  d i f f e r e n t i a t i o n .  T r i p l e  o r  o t h e r  m u l t i p l e  h e t e r o c y s t s  d id  
n o t  o c cu r  i n  young f i l a m e n t s .  Double h e t e r o c y s t s  th e m se lv e s  were 
r e l a t i v e l y  r a r e ,  p ro b a b ly  r e p r e s e n t i n g  l e s s  th a n  5% o f  a l l  h e t e r o ­
c y s t s  i n  young f i l a m e n t s .
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Old f i l a m e n t s  p roduced  m u l t i p l e  h e t e r o c y s t s  c o n s id e r a b ly  more 
f r e q u e n t l y  th a n  d id  young f i l a m e n t s .  At l e a s t  14-20% o f  th e  p ro ­
h e t e r o c y s t s  and m a tu re  h e t e r o c y s t s  in  o ld  f i l a m e n t s  were d o u b le  o r  
m u l t i p l e .  M oreover, th e  o ld  f i l a m e n t s  were n o t  l i m i t e d  to  th e  f o r ­
m a tio n  o f  d oub le  h e t e r o c y s t s .  T r i p l e  h e t e r o c y s t s  were s ee n  f r e ­
q u e n t ly ,  w h i le  some f i l a m e n t s  c o n ta in e d  s e t s  o f  4 ,  5 , o r  6 a d j a c e n t  
h e t e r o c y s t s .  Most o f  t h e s e  m u l t i p l e  h e t e r o c y s t s  were o f  th e  i n t e r ­
c a l a r y  ty p e ,  h a v in g  d i f f e r e n t i a t e d  necks  on b o th  ends o f  th e  c e l l  
( F ig .  5 3 ) .  They d i f f e r e d  from th o s e  seen  in  young f i l a m e n t s  (above) 
in  t h a t  th e  i n d i v i d u a l  h e t e r o c y s t s  o r  p r o h e t e r o c y s t s  w i th in  a m u l t i ­
p le  s e t  were u s u a l l y  n o t  a l l  a t  th e  same s t a g e  o f  h e t e r o c y s t  d i f f e r ­
e n t i a t i o n  ( F ig .  5 3 ) .  I t  was p o s s i b l e  t h a t  a l l  o f  th e  c e l l s  i n  o ld  
f i l a m e n t s  were a t  l e a s t  c a p a b le  o f  becoming h e t e r o c y s t s ,  s i n c e  o ld  
f i l a m e n t s  were found i n  w hich a l l  o f  th e  c e l l s  a p p ea red  to  be in  th e  
e a r l y  s t a g e s  o f  h e t e r o c y s t  d i f f e r e n t i a t i o n .
P a t t e r n s  o f  M orphogenesis  i n  M. lam inosus
U l t r a s t r u c t u r e  o f  th e  C e l l  D iv i s io n  P r o c e s s . The u l t r a s t r u c t ­
u re  o f  th e  c e l l  d i v i s i o n  p ro c e s s  i n  M. lam in o su s  ( F i g .  54) was q u i t e  
s i m i l a r  to  t h a t  r e p o r t e d  f o r  F i s c h e r e l l a  ambigua by T h u rs to n  and 
Ingram  ( 1971) .  C e l l  d i v i s i o n  was a p p a r e n t l y  i n i t i a t e d  by th e  fo r m a t­
io n  o f  m esosom e-like  s t r u c t u r e s  on o p p o s i t e  s i d e s  o f  th e  c e l l  ( F ig .  
5 4 a ) .  T h is  was fo l lo w e d  by s im u l ta n e o u s  i n v a g i n a t i o n  o f  th e  c y to ­
p la sm ic  membrane and p e p t id o g ly c a n  l a y e r  t o  form a d i v i s i o n  septum  
( F ig .  5 4 b ) .  Septum fo rm a t io n  c o n t in u e d  u n t i l  th e  c y to p la sm  was 
t r a n s e c t e d  by a  c r o s s - s e p tu m  o f  p e p t id o g ly c a n  m a t e r i a l  ( F ig .  5 4 c ) ,  
which l a t e r  began  to  t h i c k e n  on b o th  ends ( F ig .  5 4 d ) . The th ic k e n e d
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F ig u r e  52 . L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  d e v e lo p in g  
d o u b le  h e t e r o c y s t  i n  r e l a t i v e l y  young N£_ 
grown M. lam in o su s  f i l a m e n t .  Both c e l l s  a r e  
a t  th e  same s t a g e  i n  p r o h e t e r o c y s t  d e v e lo p ­
m ent.  HL = homogeneous e x t r a  w a l l  l a y e r ;
LS = b u n d le  o f  l a m e l l a r  membrane s t a c k s ;
NK = d e v e lo p in g  n e c k .  Bar = 2 . 0  pm.
F ig u r e  53 . L o n g i tu d in a l  t h i n  s e c t i o n  th ro u g h  m u l t i p l e  
g roup  o f  h e t e r o c y s t s  and p r o h e t e r o c y s t s  in  
o ld  N - s ta r v e d  M. lam in o su s  f i l a m e n t .  Group 
in c lu d e s  t h r e e  m a tu re  h e t e r o c y s t s  (H1-H3) 
and one e a r l y  p r o h e t e r o c y s t  ( PH) . Note 
d o u b le  neck  (DN) be tw een  two m atu re  h e t e r o ­
c y s t s .  Bar = 3 .0  }im.
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F ig u r e  54 . T h in  s e c t i o n s  th ro u g h  NO^-grown H. lam in o su s  
f i l a m e n t s ,  d e p i c t i n g  d e t a i l s  o f  th e  c e l l  
d i v i s i o n  mechanism . CM = c y to p la s m ic  mem­
b r a n e ;  M = m esosom e-like  s t r u c t u r e ;  OM = 
o u t e r  membrane; PG = p e p t id o g ly c a n  l a y e r ;
S = s h e a t h ;  V = membranous v e s i c l e s  on 
in n e r  s u r f a c e  o f  s h e a th .  B ars  = 0 . 5  }im.
a .  M esosom e-like  s t r u c t u r e s  on o p p o s i t e  
s i d e s  o f  c e l l .
b .  In g ro w th  o f  septum  (a r ro w s )  c o n s i s t i n g  
o f  CM and PG.
c .  Complete c r o s s - s e p tu m  (a r ro w )  c o n s i s t ­
in g  o f  CM and PG.
d .  T h ick e n in g  o f  PG l a y e r  a t  ends  o f  
c ro s s - s e p tu m  ( a r r o w ) .
e .  S p l i t t i n g  PG and in g ro w th  o f  OM ( a r r o w s ) .  
Note m eso so m e-lik e  s t r u c t u r e .
f .  Ingrow th  o f  s h e a th  betw een  l a y e r s  o f  
OM as  PG th i c k e n in g  and s p l i t t i n g  
c o n t i n u e s .
g .  and
h .  F i n a l  s t a g e s  in  s e p a r a t i o n  o f  d a u g h te r  
c e l l s .
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p o r t i o n s  o f  t h e  c r o s s - s e p t u m  e v e n t u a l l y  s p l i t  down t h e  m id d le ,  
l e a v i n g  gaps  i n t o  which t h e  o u t e r  membrane and t h e  i n n e rm o s t  l a y e r  
o f  t h e  common s h e a t h  began  t o  i n v a g i n a t e  ( F i g .  5 4 e ) .  T h ick e n in g  
o f  t h e  p e p t i d o g l y c a n ,  s p l i t t i n g  o f  t h e  t h i c k e n e d  p e p t i d o g l y c a n ,  
ing row th  o f  t h e  o u t e r  membrane,  and ing row th  o f  th e  s h e a t h  a l l  
c o n t in u e d  i n  sequence  u n t i l  t h e  d a u g h t e r  c e l l s  were  s e p a r a t e d  by 
a com ple te  l a y e r  o f  s h e a t h  m a t e r i a l  ( F i g s .  5 4 f - 5 4 h ) .  Most o f  t h e  
c e l l s  i n  o l d e r ,  w id e r  f i l a m e n t s  were  e v e n t u a l l y  s e p a r a t e d  by  s h e a th  
m a t e r i a l  i n  t h i s  way.
Modes o f  C e l l  D i v i s i o n  i n  D i f f e r e n t  Types o f  F i l a m e n t s . Young 
c e l l s  d i v i d e d  r e p e a t e d l y  by  f i r s t  e l o n g a t i n g  t o  a p p r o x im a te ly  tw ice  
t h e i r  o r i g i n a l  l e n g t h  and t h e n  forming a d i v i s i o n  septum a t  t h e  mid­
p o i n t  o f  t h e  e l o n g a t e d  c e l l  ( s e e  a b o v e ) .  Asymmetric septum f o r m a t i o n  
d id  n o t  o c c u r ,  and s e p t a  formed o n ly  p e r p e n d i c u l a r  t o  t h e  lo n g  a x i s  
o f  t h e  f i l a m e n t .  T h i s  mode o f  c e l l  d i v i s i o n  r e s u l t e d  i n  e l o n g a t i o n  
o f  t h e  f i l a m e n t s  i n  th e  manner  u s u a l l y  a s c r i b e d  to  t r i c h o m e - f o r m in g  
c y a n o b a c t e r i a  (R ippka  e t  a l . ,  1979; S t a n i e r  and C o h e n - B a z i r e , 1977).  
D augh ter  c e l l s  co u ld  c o n t i n u e  t o  e l o n g a t e  and d i v i d e  as  lo n g  as t h e y  
r e t a i n e d  t h e  m o r p h o l o g ic a l  c h a r a c t e r i s t i c s  o f  young c e l l s  ( c y l i n d r i ­
c a l  s h ap e ,  u n i fo rm  d i a m e t e r ,  and sq u a red  e n d s ) .
Old c e l l s  f r e q u e n t l y  underwent  c e l l  d i v i s i o n ,  b u t  o n ly  i n  a 
s p e c i f i c  and somewhat u n u s u a l  manner .  These  c e l l s  n e v e r  formed con­
v e n t i o n a l  s e p t a  t h a t  r a n  p e r p e n d i c u l a r  t o  th e  lo n g  a x i s  o f  t h e  f i l a ­
ment .  I n s t e a d ,  t h e y  d i v i d e d  e i t h e r  p a r a l l e l  t o  t h e  lo n g  a x i s  o f  t h e  
f i l a m e n t  (most f r e q u e n t l y )  o r  a t  a 45° d i a g o n a l  t o  i t  (much l e s s  
f r e q u e n t l y ;  see  F i g .  5 1 ) .  I f  an o ld  c e l l  underw en t  d i a g o n a l  d i v i s ­
i o n ,  su b se q u e n t  d i v i s i o n  o f  t h e  d a u g h te r  c e l l s  d i d  n o t  o c c u r .  E i t h e r
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o r  b o th  o f  t h e s e  d a u g h t e r  c e l l s  sometimes d i f f e r e n t i a t e d  i n t o  
h e t e r o c y s t s ,  b u t  th e y  n e v e r  d i v i d e d .  On t h e  o t h e r  h and ,  d i v i s i o n  
o f  an o l d  c e l l  p a r a l l e l  t o  t h e  long  a x i s  o f  t h e  f i l a m e n t  d i d  n o t  
n e c e s s a r i l y  p r e c l u d e  s u b se q u e n t  d i v i s i o n  o f  t h e  two d a u g h t e r  c e l l s .  
The e v e n t s  which fo l lo w e d  t h e  d i v i s i o n  o f  an o ld  c e l l  p a r a l l e l  t o  
t h e  long  a x i s  o f  th e  f i l a m e n t  i n c l u d e d  t h e  f o l l o w i n g :  ( i )  n e i t h e r  
d a u g h t e r  c e l l  underwent  s u b se q u e n t  c e l l  d i v i s i o n  ( F i g .  5 1 ) ,  ( i i )  
one o f  t h e  d a u g h t e r  c e l l s  s u b s e q u e n t l y  d i v i d e d  p a r a l l e l  t o  t h e  long  
a x i s  o f  t h e  f i l a m e n t ,  a  p r o c e s s  t h a t  e v e n t u a l l y  l e d  t o  t h e  f o r m a t i o n  
o f  a l a t e r a l  b ra n c h  o f f  t h e  main f i l a m e n t  as  d e s c r i b e d  below ( F i g .  
5 1 ) ,  ( i i i )  b o th  d a u g h t e r  c e l l s  s u b s e q u e n t l y  d i v i d e d  p a r a l l e l  t o  th e  
long  a x i s  o f  t h e  f i l a m e n t ,  b u t  b o th  o f  t h e  o u te rm o s t  d a u g h t e r  c e l l s  
r e s u l t i n g  from t h e  second  round o f  d i v i s i o n  deve lo p ed  i n t o  h e t e r o ­
c y s t s  and s to p p ed  d i v i d i n g  ( r e l a t i v e l y  r a r e :  F i g .  4 9 ) ,  o r  ( i v )  one 
d a u g h t e r  c e l l  s u b s e q u e n t l y  d i v i d e d  p a r a l l e l  t o  t h e  long  a x i s  o f  t h e  
f i l a m e n t  ( l e a d i n g  t o  f o r m a t i o n  o f  a l a t e r a l  b r a n c h ) ,  w h i l e  t h e  o t h e r  
c e l l  underw en t  a d i a g o n a l  d i v i s i o n  and t h e n  s to p p ed  d i v i d i n g  ( F i g .  
5 0 ) .  At no t ime d i d  any o f  the  o ld  c e l l s  d i v i d e  more t h a n  tw ic e  i n  
any d i r e c t i o n .
C e l l s  i n  l a t e r a l  b r a n c h  f i l a m e n t s  co u ld  on ly  form d i v i s i o n  s e p t a  
t h a t  were  p e r p e n d i c u l a r  t o  t h e  long  a x i s  o f  t h e  b ra n c h  f i l a m e n t ,  a t  
l e a s t  w h i l e  t h e  b ran ch  f i l a m e n t s  were s t i l l  a t t a c h e d  t o  t h e i r  main 
f i l a m e n t s .  C o n s e q u e n t ly ,  b ra n c h  f i l a m e n t s  d i d  n o t  p roduce  sec o n d a ry  
b r a n c h e s  a t  any t i m e .  I n  c o n t r a s t  t o  t h e  d i v i s i o n  p a t t e r n s  s ee n  in  
t h e  main f i l a m e n t s  ( a b o v e ) ,  d i v i s i o n  was p e r p e n d i c u l a r  t o  th e  long  
a x i s  o f  t h e  (b r a n c h )  f i l a m e n t  r e g a r d l e s s  o f  c e l l  morphology (young 
o r  o l d ) .
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Morphology o f  L a t e r a l  B r a n c h i n g . L a t e r a l  b r a n c h e s  o f f  t h e  
main  f i l a m e n t  ranged  i n  l e n g t h  from 2-16 c e l l s ,  b u t  t h e  m a j o r i t y  
o f  them were be tween 4 and 7 c e l l s  lo n g .  Branch l e n g t h s  d id  no t  
ap p ea r  t o  be a f f e c t e d  by t h e  p o s i t i o n  o f  a b ra n c h  i n  r e l a t i o n  t o  
t h e  o t h e r  l a t e r a l  b r a n c h e s  o f  t h e  same f i l a m e n t  ( s e e  b e lo w ) .  The 
f r eq u e n c y  a t  which l a t e r a l  b r a n c h e s  formed i n  M. lam inosus  v a r i e d  
i n  a m o r e - o r - l e s s  random f a s h i o n ;  r e p r o d u c i b l e  b r a n c h i n g  p a t t e r n s  
were n o t  o b s e r v e d .  The most common v a r i a t i o n s  a r e  summarized 
d i a g r a m m a t i c a l l y  i n  F i g .  55.
U l t r a s t r u c t u r e  o f  L a t e r a l  Branch D i f f e r e n t i a t i o n . The i n t e r n a l  
u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  c e l l s  w i t h i n  t h e  main f i l a m e n t  t h a t  
had g iv e n  r i s e  t o  l a t e r a l  b r a n c h e s  were  e s s e n t i a l l y  i d e n t i c a l  to  
t h o s e  o f  c e l l s  i n  t h e  same f i l a m e n t  t h a t  had n o t  formed b r a n c h e s .
Thus,  t h e r e  were no d e t e c t a b l e  u l t r a s t r u c t u r a l  changes  p r e c e d in g  
b ra n c h  f o r m a t i o n ,  a s i d e  from c e l l  d i v i s i o n  p a r a l l e l  t o  t h e  long  a x i s  
o f  t h e  main f i l a m e n t  ( F i g .  5 1 ) .  Branch f o r m a t i o n  was i n i t i a t e d  when 
one o f  t h e  two d a u g h te r  c e l l s  formed by d i v i s i o n  p a r a l l e l  t o  t h e  long  
a x i s  o f  t h e  main f i l a m e n t  underwent  a second round o f  c e l l  d i v i s i o n  i n  
t h e  same d i r e c t i o n .  The two new c e l l s  formed by t h i s  p r o c e s s  b o th  
had u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  t y p i c a l  o f  o l d  c e l l s  and, t h e r e ­
f o r e ,  d id  n o t  d i f f e r  n o t i c e a b l y  from o t h e r  c e l l s  i n  t h e  main f i l a m e n t  
( F i g .  5 6 ) .
E l o n g a t i o n  o f  newly formed l a t e r a l  b r a n c h e s  o c c u r r e d  when th e  
t e r m i n a l  c e l l  underwent d i v i s i o n  p e r p e n d i c u l a r  t o  th e  long  a x i s  o f  
t h e  b ra n c h  f i l a m e n t  ( F i g .  5 6 ) .  As long  as  a b ra n c h  f i l a m e n t  remained 
a t t a c h e d  to  i t s  p a r e n t  main f i l a m e n t ,  o n ly  t h e  t e r m i n a l  c e l l  cou ld  
undergo  d i v i s i o n ;  t h e  o t h e r  c e l l s  i n  t h e  b ra n c h  f i l a m e n t s  n ev e r
Diagrams d e p i c t i n g  morphology o f  l a t e r a l  
b ra n c h  f o r m a t i o n  in  o l d  f i l a m e n t s  o f  M. 
l a m i n o s u s . Branches  u s u a l l y  formed on 
a d j a c e n t  c e l l s  i n  th e  main f i l a m e n t  ( a - e ) .  
As many a s  f o u r  c o n s e c u t i v e  main  f i l a m e n t s  
p roduced  b r a n c h e s  (d and e ) .  Branches  on 
c o n s e c u t i v e  c e l l s  co u ld  be on one s i d e  o f  
t h e  main f i l a m e n t  ( c )  o r  b o th  s i d e s ,  ( a ,  
b ,  and d ) .  No more t h a n  t h r e e  c o n s e c u t i v e  
b r a n c h e s  formed on one s i d e  o f  t h e  main 
f i l a m e n t  ( e ) .  When b r a n c h e s  were n o t  on 
c o n s e c u t i v e  main f i l a m e n t  c e l l s  ( f  and g ) ,  
t h e y  were u s u a l l y  n o t  s e p a r a t e d  by more 
t h a n  one o r  two nonb ran ch in g  c e l l s  ( f ) .
In  c a s e s  where more t h a n  one o r  two c e l l s  
d i d  s e p a r a t e  t h e  b r a n c h e s  ( g ) ,  many o f  
t h e  i n t e r v e n i n g  c e l l s  had undergone  c e l l  
d i v i s i o n  p a r a l l e l  t o  t h e  long  a x i s  o f  
t h e  main f i l a m e n t  ( t h e  f i r s t  s t e p  i n  




underwent  a second round o f  c e l l  d i v i s i o n  w h i l e  t h e  b ra n c h e s  were 
e l o n g a t i n g .
The m o r p h o l o g i c a l  and u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  s u c ­
c e s s i v e  new c e l l s  changed as  t h e  l a t e r a l  b ra n c h e s  e l o n g a t e d  ( F i g .  
5 6 ) .  A f t e r  t h e  f o r m a t i o n  o f  a t  l e a s t  two c e l l s  w i t h  t y p i c a l  " o l d  
c e l l "  c h a r a c t e r i s t i c s  ( r o u n d e d ,  w i d e ) ,  a number o f  l e s s  rounded and 
i n c r e a s i n g l y  c y l i n d r i c a l  c e l l s  were p ro d u c e d .  S p e c i a l i z e d  t a p e r i n g  
c e l l s  t h a t  were seen  o n ly  i n  b ra n c h  f i l a m e n t s  were sometimes formed 
be tween t h e  o l d e r -  and y o u n g e r - l o o k i n g  c e l l  t y p e s  ( F i g .  5 7 ) .  I f  t h e  
b ra n c h  f i l a m e n t s  e l o n g a t e d  f o r  a  s u f f i c i e n t  p e r i o d  o f  t i m e ,  t h e y  
u l t i m a t e l y  d i f f e r e n t i a t e d  i n t o  t h i n ,  c y l i n d r i c a l  c e l l s  w i th  t y p i c a l  
"young c e l l s "  d im e n s io n s .  Changes i n  t h e  i n t e r n a l  u l t r a s t r u c t u r a l  
c h a r a c t e r i s t i c s  o f  th e  b ra n c h  f i l a m e n t  c e l l s  p a r a l l e l e d  t h e  morpho­
l o g i c a l  d i f f e r e n t i a t i o n  o f  t h e s e  c e l l s .  Young- look ing  c e l l s  a t  t h e  
t i p s  o f  t h e  b r a n c h e s  had more r ib o s o m a l  and n u c l e a r  m a t e r i a l ,  l e s s  
p o l y s a c c h a r i d e ,  l e s s  f ragm en ted  t h y l a k o i d s ,  and more carboxysomes 
th a n  d i d  t h e  o l d e r - l o o k i n g  c e l l s  s i t u a t e d  c l o s e r  t o  t h e  p a r e n t  main 
f i l a m e n t  ( F i g .  5 6 ) .
R e lea se  o f  L a t e r a l  Branches  from th e  Main F i l a m e n t . A f t e r  
b r a n c h  f i l a m e n t s  e l o n g a t e d ,  t h e y  were somet imes r e l e a s e d  from t h e  
main f i l a m e n t  by  a p r o c e s s  s i m i l a r  t o  t h a t  seen  i n  n o n -b r a n c h in g  
o s c i l l a t o r i a n  c y a n o b a c t e r i a  (Lamont,  1969).  The c e l l  w i t h i n  t h e  
main f i l a m e n t  t h a t  o r i g i n a l l y  b ran ch ed  appea red  t o  d i e  and d i s i n t e ­
g r a t e  i n  o r d e r  t o  r e l e a s e  t h e  b r a n c h .  The c e l l  w a l l  and c y t o p l a s m i c  
membrane o f  th e  " r e l e a s i n g  c e l l "  d e t e r i o r a t e d  f i r s t ,  l e a v i n g  th e  
c y to p la s m ic  c o n t e n t  o f  t h e  c e l l  ( o r  a p o r t i o n  t h e r e o f )  e n c l o s e d  o n ly
135
F i g u r e  56 .  L o n g i t u d i n a l  t h i n  s e c t i o n  th ro u g h  l a t e r a l  
b r a n c h  o f f  o f  main ^ “ grown M. lam in o su s  
f i l a m e n t .  C e l l s  c l o s e s t  t o  f i l a m e n t  (Cl 
and C2) have m o r p h o l o g ic a l  and u l t r a -  
s t r u c t u r a l  c h a r a c t e r i s t i c s  s i m i l a r  t o  
t h o s e  o f  o ld  c e l l s  i n  main f i l a m e n t .  Note 
d i f f e r e n c e s  i n  m o r p h o l o g ic a l  and u l t r a -  
s t u r c t u r a l  c h a r a c t e r i s t i c s  o f  c e l l s  f a r t h e r  
away from main f i l a m e n t .  T e rm in a l  c e l l  o f  
b r a n c h  i s  d i v i d i n g ,  i l l u s t r a t i n g  mechanism 
o f  b ra n c h  e l o n g a t i o n  ( s e e  t e x t ) .  Bar =
4 .0 Jim.
F i g u r e  57 .  L o n g i t u d i n a l  t h i n  s e c t i o n  th ro u g h  M.
la m in o su s  b ra n c h  f i l a m e n t  w i th  s p e c i a l ­
i z e d  t a p e r i n g  c e l l  (TC) be tw een  o l d e r -  
l o o k i n g  (OL) and y o u n g e r - l o o k i n g  (YL) 
c e l l s  i n  b r a n c h .  Bar = 2 . 0  pm.
F i g u r e  58.  L o n g i t u d i n a l  t h i n  s e c t i o n  th ro u g h  M.
lam in o su s  b ra n c h  f i l a m e n t  i n  t h e  p r o c e s s  
o f  b e i n g  r e l e a s e d  from t h e  p a r e n t ,  main  
f i l a m e n t .  " R e l e a s i n g  c e l l "  (RC) i s  
d i s i n t e g r a t i n g  i n  o r d e r  t o  r e l e a s e  b r a n c h .  
Note t h a t ,  i n  t h i s  c a s e ,  main f i l a m e n t  
w i l l  be s p l i t  by t h e  r e l e a s e  p r o c e s s .
Bar = 4 . 0  pm.
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by t h e  common s h e a t h  l a y e r .  The b ra n c h  was r e l e a s e d  when t h i s  s h e a th  
m a t e r i a l  e v e n t u a l l y  r u p t u r e d .
IV. DISCUSSION
T h r ee -D im en s io n a l  R e c o n s t r u c t i o n  o f  Agmenellum
q u a d r u p l i c a t u m
Assessment o f  S p e c i a l i z e d  E l e c t r o n  M i c r o s c o p i c a l  Techn iques
The t h r e e - d i m e n s i o n a l  r e c o n s t r u c t i o n  o f  A. q u a d r u p l i c a t u m  d e s ­
c r i b e d  i n  t h i s  s tu d y  made use  o f  two r a t h e r  n o v e l  and u n c o n v e n t i o n a l  
e l e c t r o n  m i c r o s c o p i c a l  t e c h n i q u e s :  h i g h - v o l t a g e  e l e c t r o n  m ic roscopy  
(HVEM) o f  t h i c k  s e c t i o n s  and c o m p u te r - a id e d  r e c o n s t r u c t i o n  o f  s e r i a l  
t h i n  s e c t i o n s  (CARTOS). S ince  t h i s  was t h e  f i r s t  a t t e m p t  t o  use  
e i t h e r  o f  t h e s e  t e c h n i q u e s  t o  s tu d y  t h e  u l t r a s t r u c t u r e  o f  a  p r o k a r y ­
o t i c  o rgan ism ,  i t  seems w o r th w h i le  t o  a s s e s s  t h e  e f f e c t i v e n e s s  and 
u t i l i t y  o f  t h e s e  m e th o d s .
H igh -V o l tage  E l e c t r o n  Microscopy  o f  Thick  S e c t i o n s . The use  o f  
HVEM i n  t h i s  s tu d y  s i g n i f i c a n t l y  f a c i l i t a t e d  t h e  t h r e e - d i m e n s i o n a l  
r e c o n s t r u c t i o n  o f  A. q u a d r u p l i c a t u m  and s e rved  to  p ro v id e  im p o r ta n t  
d a t a  r e g a r d i n g  t h e  b a s i c  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  t h i s  
o rg an ism .  The most  im m ed ia te ly  o bv ious  a d v an tag e  o f  HVEM was i t s  
a b i l i t y  to  p ro v id e  h i g h  r e s o l u t i o n  images o f  r e l a t i v e l y  t h i c k  s p e c i ­
mens.  Th is  p e r m i t t e d  t h e  use  o f  s e r i a l  t h i c k  s e c t i o n s  (0 .25-pm) 
t o  d e te r m in e  t h e  t h r e e - d i m e n s i o n a l  d i s t r i b u t i o n  o f  i n c l u s i o n  b o d ie s  
and o t h e r  f e a t u r e s  t h r o u g h o u t  t h e  A. q u a d r u p l i c a t u m  c e l l .  S ince  
r e l a t i v e l y  few t h i c k  s e c t i o n s  were needed t o  c o v e r  an e n t i r e  c e l l  
i n  compar ison  t o  t h e  number o f  c o n v e n t i o n a l  t h i n  s e c t i o n s  t h a t  would
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have  been  n eed ed ,  i t  was p o s s i b l e  t o  examine l a r g e  numbers o f  com­
p l e t e  c e l l s  i n  a  r e a s o n a b l y  s h o r t  p e r i o d  o f  t i m e .  T h i s  was i m p o r t ­
a n t  i n  t h e  p r e s e n t  s t u d y  b eca u se  a l a r g e  and r e p r e s e n t a t i v e  sam pl ing  
was needed t o  a s s e s s  a c c u r a t e l y  and t h o r o u g h l y  t h e  c o n s i s t e n c y  o f  
t h r e e - d i m e n s i o n a l  a r r a n g em en t s  from one c e l l  t o  a n o t h e r .  I t  would 
have  been  i m p r a c t i c a l  t o  o b t a i n  e q u a l l y  r e l i a b l e  and com ple te  d a t a  
by  c o n v e n t i o n a l  t h i n  s e c t i o n i n g ,  and t h e r e f o r e ,  would have  been  
im p o s s i b l e  t o  make e q u a l l y  d e f i n i t i v e  s t a t e m e n t s  r e g a r d i n g  t h e  con­
s i s t e n c y  o f  c e l l  a r r a n g e m e n t s .
S e v e r a l  p r e v i o u s  i n v e s t i g a t i o n s  have  d e m o n s t r a t e d  t h a t  t h i c k  
s e c t i o n i n g  can p ro v id e  t h r e e - d i m e n s i o n a l  i n f o r m a t i o n  more r a p i d l y  
t h a n  c o n v e n t i o n a l  t h i n  s e c t i o n i n g  ( f o r  a  r e v i e w ,  see  King e t  a l . ,  
1981),  b u t  i n  t h e  p r e s e n t  s t u d y ,  t h i c k  s e c t i o n i n g  a l s o  proved  t o  have  
an u n ex p ec ted  advan tage  ov e r  t h i n  s e c t i o n i n g .  The t h y l a k o i d  mem­
b r a n e s  were c o n s i d e r a b l y  e a s i e r  t o  see  i n  t h i c k  s e c t i o n s  t h a n  in  
t h i n  s e c t i o n s  b e c a u s e  t h e y  were b e t t e r  c o n t r a s t e d  a g a i n s t  t h e i r  
s u r r o u n d i n g s .  S ince  t h e  t h y l a k o i d s  were v i r t u a l l y  t r a n s p a r e n t ,  t h e i r  
d e n s i t y  d id  n o t  i n c r e a s e  w i th  i n c r e a s i n g  s e c t i o n  t h i c k n e s s .  The 
d e n s i t y  o f  t h e  d a r k l y  s t a i n e d  m a t e r i a l s  a round  th e  t h y l a k o i d s  i n ­
c r e a s e d  c o n s i d e r a b l y ,  however ,  and t h i s  enhanced t h e  c o n t r a s t  b e ­
tween th e  two s t r u c t u r e s .  As a r e s u l t  o f  th e  i n c r e a s e d  v i s i b i l i t y  
o f  th e  i n d i v i d u a l  membranes,  th e  e n t i r e  t h y l a k o i d  sys tem  was more 
c o m p le t e ly  o r  r e a l i s t i c a l l y  d e p i c t e d  i n  t h e  t h i c k e r  s e c t i o n s .  Th is  
made i t  e a s i e r  t o  d e te r m in e  th e  o v e r a l l  t h r e e - d i m e n s i o n a l  a r ran g em en t  
o f  t h e  e n t i r e  sy s tem  th r o u g h o u t  th e  c e l l .  I t  i s  r e a s o n a b l e  t o  
assume t h a t  HVEM and t h i c k  s e c t i o n i n g  co u ld  be e q u a l l y  h e l p f u l  i n  
s t u d i e s  on t h y l a k o i d  a r ra n g em en ts  o f  o t h e r  c y a n o b a c t e r i a .
An e s p e c i a l l y  im p o r t a n t  advan tage  o f  HVEM and t h i c k  s e c t i o n i n g  
was t h e  a b i l i t y  o f  t h i s  approach  t o  r e v e a l  s t r u c t u r e s  o f  u l t r a -  
s t r u c t u r a l  d e t a i l s  t h a t  co u ld  n o t  be s een  c l e a r l y  i n  t h i n  s e c t i o n s .  
Th ick  s e c t i o n s  were v a s t l y  s u p e r i o r  t o  t h i n  s e c t i o n s  i n  r e v e a l i n g  
t h e  manner i n  which i n d i v i d u a l  t h y l a k o i d  membranes i n t e r s e c t e d  w i th  
each  o t h e r  and i n  d e m o n s t r a t i n g  th e  e x i s t e n c e  o f  i n t e r c o n n e c t i o n s  
be tween  t h e  t h y l a k o i d  and c y t o p la s m ic  membranes.  The l a t t e r  s t r u c t ­
u r e s  were e s p e c i a l l y  d i f f i c u l t  t o  f i n d  i n  t h i n  s e c t i o n s ,  b e i n g  de­
t e c t e d  o n ly  q u i t e  r a r e l y .  T h i s  most l i k e l y  o c c u r r e d  b eca u se  t h e  
t h y l a k o i d - c y t o p l a s m i c  membrane i n t e r c o n n e c t i o n s  were r e l a t i v e l y  
s m a l l  s t r u c t u r e s  t h a t  were l o c a t e d  i n t e r m i t t e n t l y  t h r o u g h o u t  t h e  
c e l l .  T h e r e f o r e ,  t h i c k  s e c t i o n s  were more l i k e l y  t h a n  t h i n  s e c t ­
i o n s  t o  p a s s  t h ro u g h  one o f  t h e s e  c o n n e c t i o n s .  For  t h e  same r e a s o n ,  
Zapf  (1974) was u n a b le  t o  l o c a t e  s u r f a c e  membrane p a r t i c l e s  o f  
p o s t - s y n a p t i c  r e c e p t o r  membrane i n  t h i n  s e c t i o n s  b u t  r e a d i l y  ob­
s e r v e d  them i n  t h i c k  s e c t i o n s .  In  t h e  p r e s e n t  s t u d y ,  t h e  i n t e r ­
c o n n e c t i o n s  t h a t  were found i n  t h i n  s e c t i o n s  were n o t  d e p i c t e d  v e r y  
c l e a r l y  i n  com par ison  t o  t h o s e  seen  i n  t h e  t h i c k e r  s e c t i o n s .  T h i s  
was p r o b a b ly  t h e  r e s u l t  o f  s e v e r a l  f a c t o r s ,  i n c l u d i n g :  ( i )  t h e  i n ­
c r e a s e d  c o n t r a s t  i n  t h i c k e r  s e c t i o n s  ( s e e  a b o v e ) ,  ( i i )  t h e  f a c t  t h a t  
l a r g e r  p o r t i o n s  o f  t h e  c e l l  were i n c l u d e d  i n  t h i c k  s e c t i o n s ,  t h e r e b y  
making i t  e a s i e r  t o  u n d e r s t a n d  t h e  t h r e e - d i m e n s i o n a l  n a t u r e  o f  t h e  
i n t e r c o n n e c t i o n s ,  and ( i i i )  t h e  f a c t  t h a t  t h i c k  s e c t i o n s  co u ld  be 
t i l t e d  abou t  two p e r p e n d i c u l a r  axes  i n  o r d e r  t o  o b t a i n  th e  c l e a r e s t  
p o s s i b l e  v iews o f  each  i n t e r c o n n e c t i o n .  I t  was n o t  p o s s i b l e  t o  de ­
t e rm in e  t h e  e f f e c t s  o f  double  t i l t i n g  on t h i n  s e c t i o n s  b e c a u s e  i n ­
s t r u m e n t s  c a p a b le  o f  do ing  t h i s  were n o t  a v a i l a b l e  f o r  t h e  p r e s e n t
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s t u d y .  However, i t  i s  u n l i k e l y  t h a t  t i l t i n g  would have  been  v e r y  
e f f e c t i v e ;  o t h e r  r e s e a r c h e r s  have  r e p o r t e d  t h a t  i t  does c o m p a r a t i v e ­
l y  l i t t l e  t o  c l a r i f y  s t r u c t u r e s  i n  t h i n  s e c t i o n s  (King e t  a l . ,  1980).
HVEM and t h i c k  s e c t i o n i n g  were n o t  w i t h o u t  d i s a d v a n t a g e s  i n  r e ­
ga rd  t o  d e t e r m i n i n g  t h e  com ple te  t h r e e - d i m e n s i o n a l  a r c h i t e c t u r e  o f  
A. q u a d r u p l i c a t u m . The most s e r i o u s  o f  t h e s e  was t h e  i n a b i l i t y  o f  
t h i s  approach  t o  i l l u s t r a t e  t h e  o v e r a l l  a r rangem en t  o f  a com ple te  
c e l l .  I r o n i c a l l y ,  t h e  p rob lem  was caused  by t h e  e l e c t r o n - d e n s e  
r ibosom es  and p h o to p ig m e n ts  t h a t  s e r v e d  t o  i n c r e a s e  t h e  c o n t r a s t  o f  
t h e  t h y l a k o i d s  i n  0 .25-um  s e c t i o n s .  T h i c k e r  s e c t i o n s ,  which would 
have  i l l u s t r a t e d  g r e a t e r  p o r t i o n s  o f  c e l l s  o r  even com ple te  c e l l s ,  
were r e n d e r e d  a lm o s t  opaque by t h e s e  dense  i n c l u s i o n s  and were un­
s u i t a b l e  f o r  e x a m i n a t i o n  o f  u l t r a s t r u c t u r a l  d e t a i l s  ( M a t e r i a l s  and 
Methods) . .  S i m i l a r l y ,  HVEM was u n a b le  t o  p r o v id e  c l e a r  images o f  
c r i t i c a l - p o i n t - d r i e d ,  whole  c e l l s  ( B a l k w i l l  and N i e r z w i c k i - B a u e r , 
u n p u b l i s h e d  r e s u l t s ) .  The prob lem  c o u ld  have  been  avo ided  t o  some 
e x t e n t  by d e g r a d in g  t h e  dense  r ibosom es  w i th  r i b o n u c l e a s e s  p r i o r  to  
p r e p a r i n g  t h e  c e l l s  f o r  e l e c t r o n  m ic ro s c o p y .  T h i s  was n o t  done b e ­
cause  t h e  t h y l a k o i d s  o f  A. q u a d r u p l i c a t u m  have  been  shown to  be s e n ­
s i t i v e  t o  e n v i r o n m e n ta l  o r  chem ica l  s t r e s s e s  ( B a l k w i l l  and S t e v e n s ,  
1980b; H a rd ie  e t  a l . ,  1983a, b ;  S tev en s  e t  a l . ,  1981a, b ) .  T he re ­
f o r e ,  removal o f  t h e  r ibosom es  from t h e  c e l l  most  l i k e l y  would cause  
an u n d e s i r a b l e  a l t e r a t i o n  o f  t h e  t h y l a k o i d s  and g iv e  a  f a l s e  p i c t u r e  
o f  t h y l a k o i d  a r r a n g e m e n t s .  S i m i l a r l y ,  t h e r e  a r e  no s e l e c t i v e  f i x a ­
t i v e s  c u r r e n t l y  a v a i l a b l e  t h a t  cou ld  a c c u r a t e l y  p r e s e r v e  most  o f  t h e  
f e a t u r e s  i n  a c y a n o b a c t e r i a l  c e l l  w h i l e  l e a v i n g  th e  r ibosom es  e i t h e r  
u n p r e s e r v e d  o r  u n s t a i n e d .  T h e r e f o r e ,  HVEM rem ains  u n s u i t a b l e  f o r  r e ­
s o l v i n g  and d i s p l a y i n g  t h e  t h r e e - d i m e n s i o n a l  a r c h i t e c t u r e  o f  p r o p e r l y
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p r e s e r v e d  o r  u n a l t e r e d  whole c e l l s .
Computer-Aided R e c o n s t r u c t i o n  o f  S e r i a l  Thin  S e c t i o n s . The 
CARTOS t e c h n i q u e  proved  to  be q u i t e  e f f e c t i v e  f o r  i l l u s t r a t i n g  th e  
g e n e r a l  t h r e e - d i m e n s i o n a l  a r rangem en t  o f  i m p o r t a n t  s u b s t r u c t u r e s  
i n  whole c e l l s ,  t h e r e b y  c o u n t e r a c t i n g  th e  p r im ary  d i s a d v a n t a g e  o f  
HVEM and t h i c k  s e c t i o n i n g  ( a b o v e ) .  With CARTOS, e l e c t r o n - d e n s e  
c e l l  f e a t u r e s  ( such  as  r ibosom es  and p h o to p ig m e n ts )  t h a t  n o r m a l ly  
would have i n t e r f e r e d  w i t h  v iew in g  an e n t i r e  c e l l  cou ld  be l e f t  ou t  
o f  t h e  r e c o n s t r u c t i o n  images s im p ly  by programming th e  compute r n o t  
t o  i n c l u d e  them.  S ince  t h e  r e s u l t i n g  r e c o n s t r u c t i o n s  were s t i l l  
b a sed  on d a t a  o b t a i n e d  from s e c t i o n s  t h ro u g h  f u l l y  p r e s e r v e d  c e l l s ,  
t h e r e  was no p o s s i b i l i t y  t h a t  "norm al"  c e l l u l a r  a r r a n g em en t s  had 
been  a l t e r e d  by  t h i s  a p p ro a c h .  The a b i l i t y  o f  CARTOS t o  d i s p l a y  
t h r e e - d i m e n s i o n a l  a r ra n g em en ts  o f  e n t i r e  c e l l s  i n  t h i s  way r e p r e ­
s e n t e d  i t s  p r im a ry  ad v an ta g e  i n  t h e  r e c o n s t r u c t i o n  p r o j e c t .
U n f o r t u n a t e l y ,  t h e  CARTOS approach  a lo n e  was n o t  s u f f i c i e n t l y  
pow erfu l  t o  c a r r y  o u t  a  th o rough  and d e t a i l e d  t h r e e - d i m e n s i o n a l  
r e c o n s t r u c t i o n  o f  A. q u a d r u p l i c a t u m . The CARTOS images were b ased  
on t h i n  s e c t i o n s ,  i n  which th e  d e t a i l s  o f  t h y l a k o i d  i n t e r s e c t i o n s  
were u n c l e a r  and in  which t h e  c o n n e c t i o n s  be tween t h e  t h y l a k o i d  and 
c y to p la s m ic  membranes were  u s u a l l y  n o t  r e s o l v e d  ( s e e  a b o v e ) .  I t  
would have  been  i m p r a c t i c a l  t o  p roduce  CARTOS r e c o n s t r u c t i o n s  from 
s e r i a l  t h i c k  s e c t i o n s  b e c a u s e  o n ly  a few s e c t i o n s  were r e q u i r e d  to  
p a ss  th ro u g h  an e n t i r e  c e l l .  The r e s u l t i n g  CARTOS images would have 
l a c k e d  r e s o l u t i o n  and c o n t i n u i t y .  The u l t r a s t r u c t u r a l  d e t a i l s  o f  
complex and m inu te  s t r u c t u r e s  l i k e  t h e  t h y l a k o i d - c y t o p l a s m i c  membrane 
i n t e r c o n n e c t i o n s ,  t h e n ,  co u ld  n o t  be i l l u s t r a t e d  a d e q u a t e l y  by th e
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CARTOS t e c h n i q u e .
CARTOS was f u r t h e r  l i m i t e d  i n  i t s  u s e f u l n e s s  by i t s  i n a b i l i t y  t o  
d i s p l a y  t h e  t h y l a k o i d  membranes as  c o n t i n u o u s ,  p l a n a r  s h e e t s .  The 
c o n to u r  l i n e s  u sed  t o  d i s p l a y  t h e  t h y l a k o i d s  were  o f t e n  c o n f u s i n g ,  
t h e r e b y  n e c e s s i t a t i n g  m a n i p u l a t i o n  o f  t h e  r e c o n s t r u c t i o n  images t o  
p roduce  t h e  c l e a r e s t  p o s s i b l e  i l l u s t r a t i o n s  o f  t h r e e - d i m e n s i o n a l  
a r r a n g em en ts  w i t h i n  t h e  c e l l .  Th is  l i m i t a t i o n  o f  CARTOS may be 
t e m p o ra ry ,  however ,  s i n c e  r e s e a r c h e r s  i n  Dr.  Cyrus L e v i n t h a l ' s  
l a b o r a t o r y  ( i n  which t h e  CARTOS sys tem  was i n v e n t e d )  a r e  c u r r e n t l y  
d e v e lo p i n g  a  compute r  program c a p a b le  o f  d i s p l a y i n g  p l a n a r  o b j e c t s  
as  c o n t in u o u s  s h e e t s  (C . L e v i n t h a l ,  p e r s o n a l  com m unica t ion ) .
G en era l  C o n c lu s io n s  R egard ing  T e c h n i q u e s . From t h e  above ,  i t  
sh o u ld  be a p p a r e n t  t h a t  a co m b in a t io n  o f  HVEM and CARTOS was needed 
t o  com ple te  s u c c e s s f u l l y  th e  t h r e e - d i m e n s i o n a l  r e c o n s t r u c t i o n  o f  A. 
q u a d r u p l i c a t u m ; n e i t h e r  approach  was s u f f i c i e n t  on i t s  own. Th is  
i s  s i g n i f i c a n t  b e ca u s e  t h e  p r e s e n t  s tu d y  was t h e  f i r s t  t o  d e m o n s t r a t e  
t h e  e f f e c t i v e n e s s  o f  such a co m b in a t io n  f o r  s t u d y i n g  t h r e e - d i m e n s i o n ­
a l  u l t r a s t r u c t u r e .  Many o f  t h e  u n e x p ec te d  and s i g n i f i c a n t  b i o l o g i c a l  
f i n d i n g s  d i s c u s s e d  below were a p p a r e n t  o n ly  a f t e r  com ple te  t h r e e -  
d im e n s io n a l  d a t a  were o b t a i n e d .  T h e r e f o r e ,  i t  i s  r e a s o n a b l e  to  
s u g g e s t  t h a t  t h r e e - d i m e n s i o n a l  a n a l y s e s  o f  o t h e r  p r o k a r y o t i c  m ic r o ­
o rgan ism s  w i l l  be w o r th w h i le  b ecau se  t h e y  may l e a d  to  e q u a l l y  n o v e l  
and s i g n i f i c a n t  c o n c l u s i o n s .  The co m b in a t io n  o f  t e c h n i q u e s  d eve loped  
i n  t h i s  s tu d y  (HVEM and CARTOS) can  s e r v e  t o  f a c i l i t a t e  such i n v e s ­
t i g a t i o n s  i n  t h e  f u t u r e .
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C o n c lu s io n s  R egard ing  t h e  U l t r a s t r u c t u r e  o f  A. q u a d r u p l i c a t u m
This  s tu d y  has  s e r v e d  t o  e l u c i d a t e  f o r  t h e  f i r s t  t ime t h e  com­
p l e t e  t h r e e - d i m e n s i o n a l  a r ran g em en t  o f  u l t r a s t r u c t u r a l  f e a t u r e s  i n  
a  c y an o b a c te r iu m .  To t h e  b e s t  o f  my knowledge, i t  was a l s o  t h e  
f i r s t  com ple te  t h r e e - d i m e n s i o n a l  r e c o n s t r u c t i o n  o f  any p r o k a r y o t i c  
o rg a n ism .  The o v e r a l l  s i g n i f i c a n c e  and im por tance  t h e  r e c o n s t r u c t ­
io n  a r e  t i e d  t o  th e  f a c t  t h a t  t h e  t h r e e - d i m e n s i o n a l  d a t a  l e d  t o  a 
number o f  u n e x p ec te d  and n o v e l  d i s c o v e r i e s  r e g a r d i n g  t h e  f u n c t i o n a l  
u l t r a s t r u c t u r e  o f  A. q u a d r u p l i c a t u m  ( d i s c u s s e d  i n  d e t a i l  b e lo w ) .
These d i s c o v e r i e s  were n o v e l ,  even  though  t h e  u l t r a s t r u c t u r a l  c h a r a c ­
t e r i s t i c s  o f  A. q u a d r u p l i c a t u m  and many o t h e r  c y a n o b a c t e r i a  have  been  
s t u d i e d  f o r  ov e r  two d ecad es  w i th  more t r a d i t i o n a l  m e thods .  I t  was 
t h e  t h r e e - d i m e n s i o n a l  r e c o n s t r u c t i o n  t h a t  l e d  t o  t h e  n o v e l  r e s u l t s .  
S i m i l a r l y ,  t h r e e - d i m e n s i o n a l  r e c o n s t r u c t i o n  p e r m i t t e d  c e r t a i n  de ­
f i n i t i v e  s t a t e m e n t s  r e g a r d i n g  th e  u l t r a s t r u c t u r e  o f  A. q u a d r u p l i c a t u m  
t o  be made in  t h e  p r e s e n t  s tu d y  ( s e e  b e lo w ) .  I n  p r e v i o u s  s t u d i e s ,  
many o f  t h e s e  s t a t e m e n t s  were m e re ly  s p e c u l a t i o n s  b e ca u se  t h e  t h r e e -  
d im e n s io n a l  d a t a  needed to  c o n f i rm  them were n o t  o b t a i n e d .
L i m i t a t i o n s  R egard ing  t h e  R e s u l t s . I t  sh o u ld  be r e a l i z e d  t h a t  
A. q u a d ru p l i c a tu m  was grown u nde r  c a r e f u l l y  c o n t r o l l e d  c o n d i t i o n s  f o r  
t h i s  i n v e s t i g a t i o n  and t h a t  o n ly  e x p o n e n t i a l l y  growing c u l t u r e s  were 
examined.  The u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  t h i s  o rg an ism  a r e  
known to  v a r y  under  d i f f e r e n t  growth  c o n d i t i o n s  (H ard ie  e t  a l . ,
1983b; S tev en s  e t  a l . ,  1981a, b ) . T h e r e f o r e ,  f u r t h e r  i n v e s t i g a t i o n  
would be r e q u i r e d  to  u n d e r s t a n d  f u l l y  t h e  e f f e c t s  o f  c u l t u r a l  o r  
o t h e r  e x t e r n a l  f a c t o r s  on t h e  t h r e e - d i m e n s i o n a l  a r ra n g em en ts  d e s c r i b e d
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i n  t h i s  r e p o r t .  I t  sh o u ld  a l s o  be  r e a l i z e d  t h a t  t h e  t h r e e - d i m e n s i o n a l  
u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  o t h e r  c y a n o b a c t e r i a ,  e s p e c i a l l y  
t h e  f i l a m e n t o u s  g e n e r a  (Lang, 1968; S t a n i e r  and C o h e n - B a z i r e , 1977; 
Wolk, 1973),  p r o b a b ly  d i f f e r  from t h o s e  o f  A. q u a d r u p l i c a t u m . The 
o t h e r  u n i c e l l u l a r  s p e c i e s  may a l s o  d i f f e r  from A. q u a d r u p l i c a t u m , 
s i n c e  t h e y  o f t e n  ap p ea r  t o  have  d i s t i n c t  f e a t u r e s  i n  randomly  c u t  
t h i n  s e c t i o n s  ( A l l e n ,  1968; B a u l in a  e t  a l . ,  1981; Brown and Van 
B a a le n ,  1970; Cox e t  a l . ,  1981; E c h l i n ,  1964; Edwards e t  a l . ,  1968;
H o l t  and Edwards ,  1972; Kats  e t  a l . ,  1979; Ris  and S in g h ,  1961).  
Complete t h r e e - d i m e n s i o n a l  a n a l y s e s  o f  o t h e r  u n i c e l l u l a r  c y a n o b a c t e r i a  
would be needed t o  d e te r m in e  how u n i v e r s a l l y  t h e  s p e c i f i c  f e a t u r e s  
found in  A. q u a d r u p l i c a t u m  o ccu r  i n  t h i s  g roup  o f  o r g a n i s m s .  I n v e s ­
t i g a t i o n s  o f  t h i s  n a t u r e  would r e p r e s e n t  a l o g i c a l  and u s e f u l  e x t e n ­
s i o n  o f  t h e  p r e s e n t  s t u d y .
I n t r a c e l l u l a r  L o c a t i o n  o f  t h e  S p e c i a l i z e d  I n c l u s i o n  B o d i e s . One 
o f  t h e  more i n t e r e s t i n g  f i n d i n g s  o f  t h i s  s t u d y  was t h e  f a c t  t h a t  t h e  
s p e c i a l i z e d  i n c l u s i o n  b o d i e s  o f  A. q u a d r u p l i c a t u m  c o n s i s t e n t l y  occu­
p ie d  s p e c i f i c  l o c a t i o n s  w i t h i n  t h e  c e l l .  Fo r  example ,  p o ly p h o sp h a te  
b o d i e s  and carboxysomes were a lways  c o n f i n e d  t o  t h e  c e n t r a l  c y t o p l a s ­
mic r e g i o n .  M icrog raphs  o f  randomly c u t ,  i n d i v i d u a l  s e c t i o n s  have 
im p l ie d  t h a t  t h i s  a r rangem en t  o c c u r s  i n  o t h e r  u n i c e l l u l a r  c y a n o b a c t e r ­
i a  ( A l l e n ,  1968; Edwards e t  a l . ,  1968; G a n t t  and C o n t i ,  1969; Lewin 
e t  a l . ,  1981),  b u t  b u t  o n ly  t h e  com ple te  t h r e e - d i m e n s i o n a l  r e c o n s t r u c t ­
io n s  c a r r i e d  ou t  i n  t h e  p r e s e n t  s t u d y  co u ld  d e m o n s t r a t e  i t s  e x i s t e n c e  
c o n c l u s i v e l y .  D i r e c t  c o n t a c t  be tween  p o ly p h o s p h a te  b o d i e s  and carboxy­
somes was seen  o c c a s i o n a l l y  and has  been  r e p o r t e d  p r e v i o u s l y  ( J e n s e n ,  
1968).  The u n o rd e re d  c l u s t e r i n g  o f  t h e s e  two i n c l u s i o n  b o d ie s  t h a t
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was seen  in  t h r e e - d i m e n s i o n a l  r e c o n s t r u c t i o n s  i n d i c a t e s  t h a t  t h e i r  
o c c a s i o n a l  c o n t a c t  i s  more l i k e l y  to  o c c u r  by  chance  t h a n  as  a r e ­
s u l t  o f  any f u n c t i o n a l  n e e d .  S i m i l a r l y ,  t h e  carboxysomes i n  A. 
q u a d r u p l i c a t u m  were  n e v e r  i n  d i r e c t  c o n t a c t  w i t h  t h e  t h y l a k o i d  mem­
b r a n e s .  Th is  i s  i n  c o n t r a s t  t o  t h e  r e s u l t s  o f  P e a t  and W hi t ton  
(1968) who found t h a t  such  c o n n e c t i o n s  a lways  o c c u r r e d  i n  
Anabaenopsis  s p .  S ince  carboxysomes may be i n v o lv e d  d i r e c t l y  i n  
CC>2 f i x a t i o n  (Beudeker  and Kuenen, 1981; S te w a r t  and Codd, 1975) 
and s i n c e  t h y l a k o i d s  a r e  known t o  produce  t h e  r e d u c i n g  power r e ­
q u i r e d  f o r  CO^ f i x a t i o n ,  c o n t a c t  be tween t h e s e  two s t r u c t u r e s  t o  
i n c r e a s e  e f f i c i e n c y  i s  n o t  an u n r e a s o n a b l e  p o s s i b i l i t y .  N e v e r th e ­
l e s s ,  t h e  p r e s e n t  r e s u l t s  have  d e m o n s t r a t e d  c l e a r l y  t h a t  c o n t a c t  i s  
n o t  r e q u i r e d  t o  m a i n t a i n  normal m e t a b o l i c  f u n c t i o n s  i n  r a p i d l y  grow­
in g  c e l l s .
C o m p a r tm e n ta l i z a t i o n  o f  t h e  C e l l . The c e n t r a l  c y t o p l a s m i c  r e g ­
io n  o f  A. q u a d r u p l i c a t u m  was a v i r t u a l l y  in d e p e n d e n t  compartment 
bounded by  th e  in n e rm o s t  p a i r  o f  t h y l a k o i d  membranes.  I t  may have  
had c o n t a c t  w i th  t h e  p e r i p h e r y  o f  t h e  c e l l  a t  s i t e s  where t h y l a k o i d  
membranes merged and came i n  c o n t a c t  w i t h  t h e  c y t o p l a s m i c  membrane.  
However,  t h e  c e n t r a l  c y to p la sm  and t h e  s u r r o u n d i n g  t h y l a k o i d  zone 
was s e p a r a t e d  from e ach  o t h e r  b o th  p h y s i c a l l y  and f u n c t i o n a l l y .  T h i s  
s e p a r a t i o n  was i n d i c a t e d  by th e  a b s o l u t e  and c o n s i s t e n t  s e g r e g a t i o n  
o f  i n c l u s i o n  b o d i e s  i n t o  one r e g i o n  o r  t h e  o t h e r .  A p h y s i c a l  s e p ­
a r a t i o n  was a l s o  i n d i c a t e d  by th e  r e s u l t s  o f  p r e v i o u s  s t u d i e s  on nu­
t r i e n t  l i m i t a t i o n  (H a rd ie  e t  a l . ,  1983b; S te v e n s  e t  a l . ,  1981a, b ) .
In  t h o s e  s t u d i e s ,  g ly c o g en  g r a n u l e s  accum ula ted  e x t e n s i v e l y  th r o u g h ­
o u t  t h e  t h y l a k o i d  s y s te m  b u t  were n o t  d e t e c t e d  i n  t h e  c e n t r a l  c y t o ­
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plasm u n t i l  t h e  t h y l a k o i d  membranes began  t o  d e t e r i o r a t e .  The 
s e p a r a t i o n  o f  th e  c e n t r a l  c y to p la sm  from t h e  r e s t  o f  t h e  c e l l  i n  A. 
q u a d r u p l i c a t u m  i s  an example o f  t r u e  c o m p a r t m e n t a l i z a t i o n  i n  a p r o ­
k a r y o t i c  o rg an ism ,  p o s s i b l y  t h e  f i r s t  such example t o  be  r e p o r t e d .
I t  would be o f  i n t e r e s t  t o  d e t e r m in e  t h e  f u n c t i o n a l  ad v an ta g e  o f  
c o m p a r tm e n ta l i z in g  t h e  c y to p la sm  i n  t h i s  way. More i m p o r t a n t l y ,  i t  
w i l l  be  n e c e s s a r y  t o  reexam ine  t h e  p r e s e n t l y  a c c e p te d  d e f i n i t i o n s  
o f  p r o k a r y o t i c  and e u k a r y o t i c  c e l l s .  Membrane-bound compartments  
a r e  g e n e r a l l y  th o u g h t  n o t  t o  e x i s t  i n  p r o k a r y o t i c  o r g a n i s m s .  The 
r e s u l t s  o f  t h e  p r e s e n t  s t u d y  c o n t r a d i c t  t h i s  b e l i e f  and s e r v e  to  
b l u r  t h e  d i s t i n c t i o n  be tw een  p r o k a r y o t i c  and e u k a r y o t i c  forms o f  
l i f e .
O v e r a l l  N a tu re  and Arrangement o f  t h e  T h y lak o id  S ys tem . The 
o v e r a l l  t h r e e - d i m e n s i o n a l  a r ran g em en t  o f  t h e  t h y l a k o i d  membrane s y s ­
tem i n  A. q u a d r u p l i c a t u m  was o f  m a jo r  i n t e r e s t  i n  t h i s  s tu d y  b ecau se  
t h e r e  has  been  c o n s i d e r a b l e  c o n f u s i o n  o v e r  t h i s  t o p i c  i n  t h e  l i t e r a ­
t u r e .  Most p r e v i o u s  i n v e s t i g a t i o n s  have  a t t e m p te d  t o  d e s c r i b e  t h e  
t h r e e - d i m e n s i o n a l  a r ran g em en t  o f  t h e  t h y l a k o i d  membranes i n  u n i c e l l u ­
l a r  c y a n o b a c t e r i a  by  e x t r a p o l a t i n g  from t h e  a p p ea ran ce  o f  t h e s e  mem­
b r a n e s  i n  randomly c u t ,  s i n g l e  s e c t i o n s .  S e v e r a l  a u t h o r s  have  d e s ­
c r i b e d  t h e  t h y l a k o i d s  as  a  g roup o f  i n d e p en d e n t  d i s k s  o r  f l a t t e n e d  
sa c s  ( E c h l i n ,  1964; Edwards e t  a l . ,  1968; H o l t  and Edwards,  1972;
Lang and W h i t to n ,  1973) ,  w h i l e  o t h e r s  have  c o n s i d e r e d  them t o  be 
t r u l y  c o n c e n t r i c  s t r u c t u r e s  ( A l l e n ,  1968; B a u l i n a  e t  a l . ,  1981;
Chang, 1980; Doh le r  e t  a l . ,  1981; Rippka e t  a l . ,  1974; S t a n i e r  and 
C o h en -B az i re ,  1977).  More r e c e n t l y ,  t h e  t h y l a k o i d  sys tem  h a s  been  
d e s c r i b e d  as  "an  a n as to m o s in g  ne tw ork  o f  c o n c e n t r i c  s h e l l s "  (G o leck i
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and Drews,  1982).  The r e s u l t s  o f  t h i s  s tu d y  have  p roven  t h a t ,  a t  
l e a s t  f o r  A. q u a d r u p l i c a t u m , t h e  f i r s t  two c o n c e p t s  c i t e d  above a r e  
i n c o r r e c t .  The p r e s e n t  d a t a  a r e  c o n s i s t e n t  w i t h  t h e  c o n ce p t  o f  an 
anas tom os ing  n e tw o rk ,  b u t  f u r t h e r  show f o r  t h e  f i r s t  t ime  t h e  e x a c t  
ap p ea ra n ce  o f  t h a t  n e tw o rk .  The t h y l a k o i d s  o f  A. q u a d r u p l i c a t u m  
c l e a r l y  j o i n e d  t o g e t h e r ,  b u t  o n ly  a t  o r  v e r y  n e a r  t h e  c y t o p l a s m i c  
membrane.  The i n d i v i d u a l  t h y l a k o i d s  em ana t ing  from t h e s e  p e r i p h e r a l  
i n t e r s e c t i o n s  d id  n o t  b ra n c h  a t  o t h e r  p o i n t s  i n  t h e  c e l l .  I n  con­
t r a s t ,  b r a n c h in g  o f  t h y l a k o i d s  h a s  been  r e p o r t e d  t o  o c c u r  i n  two 
o t h e r  u n i c e l l u l a r  c y a n o b a c t e r i a ,  A n a c y s t i s  and Synechococcus  (Edwards 
e t  a l . ,  1968; H o l t  and Edwards ,  1972; K a ts  e t  a l . ,  1979; Venkataraman 
e t  a l . ,  1969).  The s i g n i f i c a n c e  o f  such  b r a n c h e s ,  i f  any ,  i s  unknown 
b e ca u s e  t h e  p r e s e n t  s t u d y  h as  d e m o n s t r a t e d  t h a t  th e y  a r e  n o t  r e q u i r e d  
f o r  normal t h y l a k o i d  f u n c t i o n .
A s s o c i a t i o n  o f  t h e  T h y lak o id  System w i t h  t h e  C y to p la sm ic  Membrane. 
The t h y l a k o i d  ne tw ork  o f  A. q u a d r u p l i c a t u m  was c o n n e c te d  t o  o r  a s s o c ­
i a t e d  w i th  t h e  c y t o p l a s m i c  membrane a t  a number o f  l o c a t i o n s  i n  t h e  
c e l l .  C o n n ec t io n s  be tween  t h y l a k o i d  and c y t o p l a s m i c  membranes have 
been  r e p o r t e d  i n  a  wide v a r i e t y  o f  c y a n o b a c t e r i a  ( A l l e n ,  1968; Cox 
e t  a l . ,  1981; D a f t  and S t e w a r t ,  1973; G o l e c k i ,  1979; Gromov and 
Mamkaeva, 1976; Kats  e t  a l . ,  1979; Lang and Rae ,  1967; Neumann e t  a l . ,  
1970; Schnep f ,  1964; Smith and P e a t ,  1967) a l t h o u g h  r e v i e w e r s  g e n e r ­
a l l y  c o n s i d e r  them t o  o c c u r  on ly  r a r e l y  (G o le c k i  and Drews, 1982; 
S t a n i e r  and C o h e n - B a z i r e , 1977).  S t a n i e r  and C o hen-B az i re  (1977) 
s t a t e d  t h a t  t h e  t h y l a k o i d s  and th e  c y t o p l a s m i c  membrane a r e  t o p o ­
l o g i c a l l y  d i s t i n c t ,  even  i n  c y a n o b a c t e r i a  where one would e x p e c t  to  
d e t e c t  i n t e r c o n n e c t i o n s  e a s i l y  i f  t h e y  were p r e s e n t .  The i n t e r ­
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c o n n e c t i o n s  were q u i t e  d i f f i c u l t  t o  f i n d  in  t h e  p r e s e n t  s t u d y ,  e s ­
p e c i a l l y  when randomly c u t ,  i n d i v i d u a l  t h i n  s e c t i o n s  were  examined . 
S e r i a l  s e c t i o n s  t h ro u g h  com ple te  c e l l s  were e s s e n t i a l  f o r  d e t e c t i n g  
c o n n e c t io n s  r o u t i n e l y  and f o r  d e t e r m i n i n g  t h e i r  l o c a t i o n s  i n  t h e  c e l l .  
The use  o f  t h i c k  s e c t i o n s  and HVEM a l s o  f a c i l i t a t e d  t h e  d i s c o v e r y  and 
l o c a t i o n  o f  c o n n e c t io n s  f o r  th e  r e a s o n s  d i s c u s s e d  above.  The t e c h ­
n iq u e s  used  i n  th e  p r e s e n t  s t u d y ,  t h e n ,  m igh t  w e l l  d e t e c t  p r e v i o u s l y  
u n n o t i c e d  i n t e r c o n n e c t i o n s  be tween th e  t h y l a k o i d s  and t h e  c y to p la s m ic  
membrane i n  o t h e r  c y a n o b a c t e r i a .  I n  any e v e n t ,  t h i s  s t u d y  h a s  demon­
s t r a t e d  c o n c l u s i v e l y  t h a t  t h y l a k o i d - c y t o p l a s m i c  i n t e r c o n n e c t i o n s  can 
and do o c cu r  i n  c y a n o b a c t e r i a ,  d e s p i t e  t h e  u n w a r ra n ted  c la im s  o f  
S t a n i e r  and C ohen-Baz i re  (1 9 7 7 ) .
The f u n c t i o n a l  s i g n i f i c a n c e  o f  c o n n e c t i o n s  be tween t h y l a k o i d s  
and th e  c y to p la s m ic  membrane can n o t  be d e te rm in e d  from t h e  p r e s e n t  
r e s u l t s .  I t  has  been  s u g g e s t e d  t h a t  t h y l a k o i d s  a r i s e  by i n v a g i n a t i o n  
o f  t h e  c y to p la s m ic  membrane ( A l l e n ,  1968; Cox e t  a l . ,  1981; K a ts  e t  
a l . ,  1979; P a n k r a t z  and Bowen, 1963; Smith and P e a t ,  1967; J o s t ,
1965);  t h u s ,  t h e  c o n n e c t i o n s  would most l i k e l y  s e r v e  as  s i t e s  f o r  
t h y l a k o i d  s y n t h e s i s .  T h i s  s u g g e s t i o n  might  a l s o  e x p l a i n  why th e  
l i p i d  b o d i e s ,  which co u ld  s e r v e  t o  s t o r e  e x ce s s  membrane components ,  
were l o c a t e d  on ly  n e a r  t h e  c o n n e c t i o n s .  As G o leck i  and Drews (1982) 
have  p o i n t e d  o u t ,  however ,  no one h a s  d e m o n s t r a t ed  c o n c l u s i v e l y  t h a t  
t h y l a k o i d s  do o r i g i n a t e  from th e  c y to p l a s m ic  membrane.  The t e c h ­
n iq u e s  used  i n  t h e  p r e s e n t  s tu d y  m igh t  s e r v e  t o  r e s o l v e  t h i s  i s s u e  i f  
t h e y  were used  t o  s tu d y  t h y l a k o i d  r e g e n e r a t i o n  i n  n u t r i e n t - s t a r v e d  
c e l l s  ( S tev e n s  e t  a l . ,  1981a).  I f  t h e  c o n n e c t io n s  s een  i n  A. q u ad rup -  
1ica tum  were no t  i n v a g i n a t i o n s  o r  c e n t e r s  f o r  t h y l a k o i d  s y n t h e s i s ,
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t h e n  t h e i r  f u n c t i o n  may have b e en  s im ply  t o  m a i n t a i n  t h e  t h r e e -  
d im e n s io n a l  a r ran g em en t  o f  t h e  t h y l a k o i d  sy s tem .  The merg ing  o f  
t h e  t h y l a k o i d s  and t h e i r  a t t a c h m e n t  t o  t h e  c y t o p l a s m i c  membrane 
a l lo w s  th e  c e n t r a l  c y to p la sm  t o  approach  t h e  p e r i p h e r y  o f  t h e  c e l l .  
Th is  a r rangem en t  m igh t  f a c i l i t a t e  s e g r e g a t i o n  o f  n u c l e a r  m a t e r i a l  
d u r in g  c e l l  d i v i s i o n  by p r o v i d i n g  s i t e s  f o r  a t t a c h m e n t  o f  t h e  genome 
t o  th e  c y to p la s m ic  membrane,  a s  i s  th o u g h t  t o  o c c u r  i n  o t h e r  b a c t e r i a .  
The t h y l a k o i d  a r ran g em en t  i n  A. q u a d r u p l i c a t u m  m igh t  a l s o  f a c i l i t a t e  
t r a n s p o r t  o f  s u b s t a n c e s  i n  and ou t  o f  t h e  c y to p la sm .  I f  t h e  t h y l a ­
k o id s  were a r r a n g e d  as  i n d e p en d e n t  and c o n c e n t r i c  c y l i n d e r s  w i t h o u t  
merg ing n e a r  t h e  c y t o p l a s m i c  membrane, t h e n  s u b s t a n c e s  would have to  
c r o s s  s e v e r a l  l a y e r s  o f  s em i-perm eab le  membrane t o  e n t e r  o r  l e a v e  
th e  c e n t r a l  c y to p la sm .  Thus ,  t h e  c o n n e c t i o n s  i n  A. q u a d r u p l i c a t u m  
may a l lo w  th e  c e n t r a l  c y to p la sm  to  have l i m i t e d  c o n t a c t  w i th  th e  
e x t e r n a l  medium w h i l e  s t i l l  b e in g  c o m p a r tm e n ta l i z e d  from t h e  r e s t  
o f  t h e  c e l l .
V a r i a t i o n s  i n  T h y lak o id  A r ra n g e m en t s . A l though  th e  a r rangem en t  
o f  t h y l a k o i d s  i n  A. q u a d r u p l i c a t u m  was q u i t e  c o n s i s t e n t  from c e l l  t o  
c e l l ,  two v a r i a t i o n s  t h a t  r e q u i r e  e x p l a n a t i o n  were o b s e r v e d .  The 
f i r s t  o f  t h e s e  was t h e  e x i s t e n c e  o f  an a l t e r n a t e  c r o s s  s e c t i o n a l  
p a t t e r n  i n  abou t  30% o f  t h e  c e l l s .  S ince  no i n t e r m e d i a t e  o r  t r a n s i t ­
i o n a l  forms were o b s e r v ed  and s i n c e  t h e  two p a t t e r n s  were n o t  r e l a t e d  
to  c e l l  d i v i s i o n ,  i t  i s  assumed t h a t  t h e y  r e p r e s e n t  an i n h e r e n t  v a r ­
i a t i o n  i n  t h e  c u l t u r e .  There  may have been  two d i s t i n c t  g en o ty p es  
p r e s e n t ,  o r  t h e  a l t e r n a t e  t h y l a k o i d  a r rangem en t  may have been  coded 
by a p la sm id .  F u r t h e r  s t u d y  w i l l  be r e q u i r e d  t o  d e t e r m in e  th e  cause  
o f  t h i s  v a r i a t i o n .  The second v a r i a t i o n  was seen  i n  c e l l  p o l e s  and
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was c l e a r l y  r e l a t e d  t o  c e l l  d i v i s i o n .  S ince  t r a n s i t i o n a l  forms b e ­
tween t h e  "new" and " o l d "  a r r a n g em en ts  ( F i g .  19) were d e t e c t e d ,  i t  
i s  r e a s o n a b l e  t o  assume t h a t  c e l l  d i v i s i o n  l e f t  t h e  t h y l a k o i d  sys tem  
i n  a s l i g h t l y  a l t e r e d  c o n fo rm a t io n  t h a t  was l a t e r  " c o r r e c t e d "  by  r e ­
a r rangem en t  o f  t h e  membranes.  A t h r e e - d i m e n s i o n a l  a n a l y s i s  o f  c e l l  
d i v i s i o n  would e l u c i d a t e  t h e  d e t a i l s  o f  t h i s  p r o c e s s ,  b u t  was beyond 
th e  scope o f  t h e  p r e s e n t  s t u d y .
C o n s i s t e n c y  o f  T h ree -D im e n s io n a l  I n t r a c e l l u l a r  A r c h i t e c t u r e . 
P e rhaps  t h e  most  s u r p r i s i n g  g e n e r a l  a s p e c t  o f  A. q u a d r u p l i c a t u m *s 
t h r e e - d i m e n s i o n a l  a r c h i t e c t u r e  i s  t h e  f a c t  t h a t  i t  was so c o n s i s t e n t  
from one c e l l  t o  a n o t h e r ,  even i n  t h e  c a se  o f  r e l a t i v e l y  complex o r  
minu te  d e t a i l s .  Such a h i g h  d e g re e  o f  i n t r a c e l l u l a r  o r g a n i z a t i o n  
w i t h i n  a p r o k a r y o t i c  o rg an ism  must  be th e  r e s u l t  o f  a v e r y  a c c u r a t e  
c o n t r o l  mechanism o r  i t  would n o t  be r e p ro d u c ed  so c o n s i s t e n t l y  i n  
each  c e l l .  The mechanism by which th e  p r e c i s e  t h r e e - d i m e n s i o n a l  
a r rangem en t  o f  A. q u a d r u p l i c a t u m  i s  m a i n t a i n e d  might  be t h e  most 
i n t e r e s t i n g  and re w a r d in g  t o p i c  f o r  f u t u r e  c o n t i n u a t i o n  o f  t h i s  work .
Morphology and U l t r a s t r u c t u r e  o f  M a s t ig o c la d u s  lam inosus
Th is  s tu d y  has  in v o lv e d  t h e  f i r s t  com prehens ive  u l t r a s t r u c t u r a l  
a n a l y s i s  o f  a  b r a n c h i n g  f i l a m e n t o u s  ( s t i g o n e m a t a c e a n )  c y a n o b a c te r iu m .  
The morphology o f  t h e s e  o rgan ism s  a t  th e  l i g h t  m i c r o s c o p i c a l  l e v e l  
h a s  beein d e s c r i b e d  e x t e n s i v e l y  (Lee ,  1927; Marcenko, 1961; M a r t in  and 
Wyatt ,  1974; Rippka e t  a l . ,  1979; Schwabe, 1960; S p e a r i n g ,  1937),  b u t  
r e l a t i v e l y  l i t t l e  i s  known ab o u t  t h e i r  u l t r a s t r u c t u r e  ( B u t l e r  and 
A l l s o p p ,  1972; Marcenko, 1961; Ris  and S ingh ,  1961). The o n ly  de ­
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t a i l e d  u l t r a s t r u c t u r a l  s t u d y  t o  d a t e  h a s  been  t h a t  o f  T h u r s to n  and 
Ingram (1971) on F i s c h e r e l l a  am bigua , and even  t h a t  s t u d y  was l i m i t e d  
t o  c u l t u r e s  growing i n  t h e  p r e s e n c e  o f  n i t r a t e .  Because  t h e  b r a n c h ­
ing  f i l a m e n to u s  c y a n o b a c t e r i a  have r e c e i v e d  so l i t t l e  a t t e n t i o n ,  
v i r t u a l l y  a l l  o f  t h e  p r e s e n t  t h i n k i n g  r e g a r d i n g  c y a n o b a c t e r i a l  u l t r a ­
s t r u c t u r e  h a s  been  b a sed  on s t u d i e s  i n v o l v i n g  o n ly  u n i c e l l u l a r  o r  
n o nbranch ing  f i l a m e n t o u s  g e n e r a .  Th is  i s  im p o r t a n t  b ecau se  the  
p r e s e n t  i n v e s t i g a t i o n  h a s  r e v e a l e d  t h a t  M. l a m in o su s  p o s s e s s e s  f e a t ­
u r e s  t h a t  have n o t  been  a cc o u n te d  f o r  by t h e  c o n v e n t i o n a l  t h i n k i n g  
on c y a n o b a c t e r i a l  u l t r a s t r u c t u r e .  These  u n u s u a l  and n o v e l  a s p e c t s  
o f  u l t r a s t r u c t u r e  i n  M. l a m i n o s u s , a lo n g  w i t h  o t h e r  s i g n i f i c a n t  
f i n d i n g s ,  a r e  g iv e n  d e t a i l e d  c o n s i d e r a t i o n  i n  t h e  f o l l o w i n g  d i s c u s s ­
i o n .
Taxonomical C o n s i d e r a t i o n s
Rippka e t  a l .  (1979)  r e c e n t l y  p roposed  a new c l a s s i f i c a t i o n  
scheme f o r  c y a n o b a c t e r i a  i n  which i t  was s u g g e s t e d  t h a t  t h e  g e n e r a  
F i s c h e r e l l a  and M a s t ig o c l a d u s  be combined i n t o  a s i n g l e  genus :  
F i s c h e r e l l a  Gomont 1895. The new combined genus was t o  be p l a c e d  
i n  "Group V" o f  t h e i r  o v e r a l l  c l a s s i f i c a t i o n  scheme, a g roup  t h a t  
i n c l u d e d  on ly  F i s c h e r e l l a  ( m u l t i c e l l u l a r , b r a n c h i n g  f i l a m e n t s )  and 
C h l o r o g l o e o p s i s  ( m u l t i c e l l u l a r ,  i r r e g u l a r  a g g r e g a t e s ) .  The p r o p o s a l  
t o  combine M a s t ig o c l a d u s  and F i s c h e r e l l a  was b a se d  on p h y s i o l o g i c a l  
s i m i l a r i t i e s  t o  a  l i m i t e d  e x t e n t ,  b u t  i t  r e s t e d  p r i m a r i l y  on morpho­
l o g i c a l  o r  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  such as  f o r m a t i o n  o f  t r u e  
l a t e r a l  b ra n c h es  and t h e  mechanism o f  c e l l  d i v i s i o n  w i t h i n  t h e  f i l a ­
m e n t s .  S ince  t h e  p r e s e n t  s t u d y  ha s  p r o v id e d  s i g n i f i c a n t  new i n f o r m a t ­
io n  on th e  morphology and u l t r a s t r u c t u r e  o f  M a s t i g o c l a d u s ,  i t  i s
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r e a s o n a b l e  t o  r e - e v a l u a t e  t h e  p r o p o s a l  o f  Rippka e t  a l .  (1979)  i n  
l i g h t  o f  t h e s e  new d a t a .
The g e n e r a l  m o r p h o l o g ic a l  c h a r a c t e r i s t i c s  o f  M. l a m i n o s u s , as  
ob se rv ed  by  l i g h t  and s c a n n in g  e l e c t r o n  m ic ro s c o p y ,  were b a s i c a l l y  
s i m i l a r  t o  t h o s e  r e p o r t e d  f o r  b o th  M a s t ig o c l a d u s  and F i s c h e r e l l a  
s t r a i n s  i n  p r e v i o u s  l i g h t  m i c r o s c o p i c a l  s t u d i e s  (L ee ,  1927;
Marcenko,  1961; M a r t in  and W yat t ,  1974; Rippka e t  a l . ,  1979; Schwabe, 
1960; S p e a r i n g ,  1937).  F u r t h e r m o r e ,  t h e  m o r p h o l o g ic a l  f e a t u r e s  o f  
NO^-grown c u l t u r e s  were v i r t u a l l y  i d e n t i c a l  to  t h o s e  o f  NO^-grown 
F i s c h e r e l l a  ambigua c u l t u r e s  (T h u r s to n  and Ingram,  1971).  These  r e ­
s u l t s  i n d i c a t e  t h a t  t h e  s t r a i n  o f  M. lam inosus  s t u d i e d  h e r e  c l e a r l y  
f i t s  t h e  d e f i n i t i o n  o f  F i s c h e r e l l a  Gomont g iv e n  by  Rippka e t  a l . 
(1 9 7 9 ) ,  a t  l e a s t  i n  te rms o f  v e g e t a t i v e  morphology .  The m o r p h o l o g ic a l  
s i m i l a r i t i e s  be tween NO^-grown M. lam inosus  and am bigua , t h e n ,  
s u p p o r t  t h e  p r o p o s a l  o f  R ippka  e t  a l . (1979) t o  combine M a s t ig o c l a d u s  
and F i s c h e r e l l a  i n t o  a s i n g l e  g e n u s .  However,  i t  sh o u ld  be r e a l i z e d  
t h a t  t h e  ^ - g r o w n  M. l a m in o su s  c u l t u r e s  i n  t h e  p r e s e n t  s tu d y  d i d  n o t  
f i t  t h e  d e f i n i t i o n  o f  F i s c h e r e l l a  Gomont g iv e n  by Rippka e t  a l .
(1979) in  one i m p o r t a n t  m o r p h o l o g ic a l  r e s p e c t :  t h e y  l a c k e d  th e  s p e c ­
i a l i z e d  r e s t i n g  c e l l s  known as  a k i n e t e s .  Rippka e t  a l . (1979) i n d i ­
c a t e d  t h a t  a l l  s t r a i n s  o f  F i s c h e r e l l a  and M a s t ig o c l a d u s  examined 
p o s s e s s e d  a k i n e t e s ,  b u t  t h e s e  s p e c i a l i z e d  c e l l s  were v e r y  d i f f i c u l t  
t o  r e c o g n i z e  and i d e n t i f y  b e ca u se  t h e i r  o n ly  d i s t i n g u i s h i n g  c h a r a c ­
t e r i s t i c  i n  l i g h t  m i c r o s c o p i c a l  p r e p a r a t i o n s  ( e l e c t r o n  m ic ro sco p y  was 
n o t  done) was a "weaker p i g m e n t a t i o n . "  T h i s  somewhat vague c l a i m  was 
n o t  s u b s t a n t i a t e d  c o n v i n c i n g l y  by th e  l i g h t  m i c ro g ra p h s  t h a t  accom­
p a n ied  i t .  The p r e s e n t  s tu d y  f a i l e d  t o  d e t e c t  any ev id en c e  o f  a k i n e t e
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f o r m a t i o n  in  M. l a m in o su s  d e s p i t e  e x t e n s i v e  e x a m i n a t io n  o f  t h e  o rg a n ­
ism w i th  b o th  l i g h t  and e l e c t r o n  m ic ro s c o p y .  S i m i l a r l y ,  none o f  t h e  
e a r l i e r  s t u d i e s  on M a s t ig o c l a d u s  o r  F i s c h e r e l l a  c i t e d  above have 
p r e s e n t e d  c o n c l u s i v e  e v id e n c e  t h a t  s t i g o n e m a ta c e a n  c y a n o b a c t e r i a  
p o s s e s s  a n y th in g  l i k e  t h e  t r u e ,  c l a s s i c  a k i n e t e s  t h a t  a r e  known t o  
o c cu r  i n  n o n b ra n c h in g  f i l a m e n t o u s  g e n e r a  (Adams and C a r r ,  1981;
N ic h o l s  and Adams, 1982).  I t  a p p e a r s  from a l l  o f  t h i s  t h a t  Rippka 
e t  a l . (1979) were u n j u s t i f i e d  i n  d e f i n i n g  F i s c h e r e l l a  Gomont as  an 
a k i n e t e - p r o d u c i n g  g e n u s .  U n le ss  c o n c l u s i v e  e v id e n c e  f o r  t h e  e x i s t ­
ence o f  a k i n e t e s  i n  F i s c h e r e l l a  and M a s t ig o c l a d u s  can be p roduced ,  
t h i s  c h a r a c t e r i s t i c  sh o u ld  be dropped from t h e  o f f i c i a l  d e s c r i p t i o n  
o f  t h e  p roposed  c o m b in a t io n  g e n u s .
P r i o r  t o  t h e  c o m p le t io n  o f  t h e  p r e s e n t  s t u d y ,  i t  was n o t  p o s s i b l e  
t o  d e te r m in e  w h e th e r  M a s t ig o c l a d u s  and F i s c h e r e l l a  r e sem b le  each 
o t h e r  as  c l o s e l y  on th e  u l t r a s t r u c t u r a l  l e v e l  as  t h e y  do on th e  morpho­
l o g i c a l  l e v e l  b e c a u s e  M a s t ig o c l a d u s  had  n e v e r  been  i n v e s t i g a t e d  i n  
d e t a i l .  Even now, t h e  o n ly  v a l i d  com par ison  t h a t  can be made i s  b e ­
tween NO^-grown M. lam inosus  ( t h i s  s t u d y )  and NO^-grown F_. ambigua 
(T h u r s to n  and Ingram,  1971).  These  two s t r a i n s  were s i m i l a r  w i th  r e ­
s p e c t  t o  t h e  g e n e r a l  a r ran g em en t  o f  t h e i r  u l t r a s t r u c t u r a l  f e a t u r e s  
w i t h i n  t h e  c e l l ,  b u t  some o f  t h e i r  s p e c i f i c  u l t r a s t r u c t u r a l  d e t a i l s  
d i f f e r e d  n o t i c e a b l y .  The t h y l a k o i d s  i n  young c e l l s  o f  F_. ambigua were 
v e s i c u l a t e d ,  p ro d u c in g  e l e c t r o n - t r a n s p a r e n t  " i n t r a t h y l a k o i d a l  s p a c e s " .
I n  c o n t r a s t ,  t h e  t h y l a k o i d  p a i r s  o f  M. lam inosus  were a lways  c l o s e  
t o g e t h e r .  The t h y l a k o i d s  were p e r i p h e r a l  i n  young c e l l s  o f  b o th  o r ­
ganisms b u t ,  i n  t h e  m ic ro g ra p h s  o f  F_. ambigua , t h e y  seemed to  be 
a s y m m e t r i c a l l y  d i s t r i b u t e d  toward  one s i d e  o f  t h e  c e l l .  I n  M. l a m in o s u s ,
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t h e y  were c l e a r l y  d i s t r i b u t e d  around t h e  e n t i r e  p e r i p h e r y  o f  t h e  
c e l l .  The numbers o f  c a rboxysom es , l i p i d  b o d i e s ,  and p o ly p h o s p h a t e  
g r a n u l e s  a l l  i n c r e a s e d  a s  young M. lam inosus  c e l l s  d i f f e r e n t i a t e d  
i n t o  o ld  c e l l s .  S i m i l a r  changes  were n o t  s een  i n  F_. ambigua , a l ­
though cyanophyc in  g r a n u l e s  i n c r e a s e d  i n  s i z e  and number a s  th e  
c e l l s  aged .  I n  c o n t r a s t ,  cyanophyc in  g r a n u l e s  were  n o t  o b se rv ed  
i n  o ld  c e l l s  o f  M. l a m i n o s u s . These u l t r a s t r u c t u r a l  d i f f e r e n c e s  
p r o b a b ly  r e f l e c t  p h y s i o l o g i c a l  o r  c u l t u r a l  d i f f e r e n c e s  be tw een  th e  
two s t r a i n s  r a t h e r  th a n  g e n e r i c  d i f f e r e n c e s ,  c o n s i d e r i n g  t h e  e x t e n t  
t o  which t h e  d e t a i l e d  u l t r a s t r u c t u r e  o f  M. l am in o su s  was a f f e c t e d  
by c u l t u r a l  c o n d i t i o n s  i n  t h e  p r e s e n t  s tu d y  ( s e e  b e lo w ) .  In  any 
c a s e ,  t h e  d i f f e r e n c e s  c e r t a i n l y  were n o t  g r e a t  enough t o  w a r r a n t  
k e e p in g  F i s c h e r e l l a  and M a s t ig o c l a d u s  i n  s e p a r a t e  g e n e r a .  F u r t h e r ­
more ,  t h e  p r e s e n t  s tu d y  d e m o n s t r a t e d  c o n c l u s i v e l y  ( f o r  t h e  f i r s t  
t im e )  t h a t  ( i )  t h e  d e t a i l e d  mechanism o f  c e l l  d i v i s i o n  i n  M. lam inosus  
was v i r t u a l l y  i d e n t i c a l  t o  t h a t  o f  F_. ambigua (T h u r s to n  and Ingram, 
1971) and ( i i )  t h a t  M. lam inosus  formed t r u e  b r a n c h e s .  These u l t r a -  
s t r u c t u r a l  d a t a  p ro v id e  v e r y  s t r o n g  s u p p o r t  f o r  t h e  p r o p o s a l  o f  
Rippka e t  a l . (1979) t o  combine t h e  two g e n e r a  b e ca u s e  t h e  t r a d i t i o n a l  
d i s t i n c t i o n  be tween them was b a se d  on presumed d i f f e r e n c e s  i n  t h e  
mode o f  c e l l  d i v i s i o n  and th e  a b i l i t y  t o  form t r u e  b r a n c h e s .
The p r e s e n t  s tu d y  h a s  p r o v id e d  b o th  m o r p h o l o g ic a l  and u l t r a -  
s t r u c t u r a l  e v id en c e  t o  s u p p o r t  t h e  p r o p o s a l  o f  Rippka e t  a l .  (1979) 
t o  combine M a s t ig o c la d u s  and F i s c h e r e l l a  i n t o  a s i n g l e  genus ( a b o v e ) ,  
b u t  a t  t h e  same t im e ,  i t  ha s  r a i s e d  some q u e s t i o n s  r e g a r d i n g  t h e i r  
d e s c r i p t i o n  o f  th e  p roposed  c o m b in a t io n  g e n u s .  One o f  t h e s e ,  t h e  
i s s u e  o f  a k i n e t e  f o r m a t i o n ,  was d i s c u s s e d  p r e v i o u s l y  ( s e e  a b o v e ) .
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A more s e r i o u s  p rob lem  i s  r e l a t e d  to  t h e  morphology o f  h e t e r o c y s t  
fo r m a t i o n  in  t h e s e  o r g a n i s m s .  Rippka e t  a l . (1979) s t a t e d  t h a t  
h e t e r o c y s t s  i n  t h e  main f i l a m e n t s  were p r e d o m in a n t ly  t e r m i n a l  or  
l a t e r a l ,  b u t  t h i s  was n o t  t h e  c a s e  i n  t h e  s t r a i n  o f  M. lam inosus  
s t u d i e d  h e r e .  I n  a d d i t i o n ,  t h e  p r e s e n t  s tu d y  d e m o n s t r a t e d  t h a t  
h e t e r o c y s t  f o r m a t i o n  i n  M. lam inosus  was c o n s i d e r a b l y  more com pl i ­
c a t e d  and e x t e n s i v e  th a n  i n  any o f  t h e  s t r a i n s  d e s c r i b e d  by Rippka 
e t  a l .  ( 1 9 7 9 ) .  Whether o r  n o t  t h i s  j u s t i f i e s  k e e p in g  M. lam inosus  
in  a s e p a r a t e  genus i s  d e b a t a b l e .  The im p o r t a n t  p o i n t  i s  t h a t  
Rippka e t  a l . (1979) sh o u ld  e i t h e r  l e a v e  t h e s e  o rgan ism s  i n  s e p a r a t e  
g e n e r a  o r  w r i t e  t h e i r  d e s c r i p t i o n  o f  th e  p roposed  combined genus 
w i th  s u f f i c i e n t  a c c u r a c y  t o  c o v e r  a l l  o f  t h e  s t r a i n s  t h e y  i n t e n d  to  
i n c l u d e  w i t h i n  i t .
V e g e t a t i v e  U l t r a s t r u c t u r e  and t h e  E f f e c t s  o f  N i t r o g e n
The v e g e t a t i v e  c e l l s  o f  M. l am inosus  d i d  n o t  c o n t a i n  any u n u s u a l  
o r  r e m a rk a b le  f e a t u r e s  t h a t  have  no t  been  d e s c r i b e d  p r e v i o u s l y .  I n d i ­
v i d u a l  M. lam inosus  v e g e t a t i v e  c e l l s ,  t h e n ,  were u l t r a s t r u c t u r a l l y  
s i m i l a r  t o  th o s e  o f  most o t h e r  c y a n o b a c t e r i a ,  e s p e c i a l l y  t h o s e  o f  
o t h e r  f i l a m e n t o u s  g e n e r a  (Lang,  1968; S t a n i e r  and C o h e n - B a z i r e , 1977; 
Wolk, 1973).
The u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  v e g e t a t i v e  c e l l s  i n  M. 
lam inosus  were a f f e c t e d  n o t i c e a b l y  by b o th  t h e  a v a i l a b i l i t y  o f  n i t r o ­
gen and by th e  i d e n t i t y  o f  t h e  n i t r o g e n  s o u rc e  when i t  was a v a i l a b l e .  
The l a t t e r  c a s e  was i l l u s t r a t e d  e f f e c t i v e l y  by compar ing t h e  u l t r a -  
s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  NO^- and ^ - g r o w n  c u l t u r e s .  The most 
obv ious  d i f f e r e n c e s  were s ee n  i n  t h e  younger  c e l l s .  The I^ -g row n
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c e l l s  c o n t a i n e d  fewer r ib o s o m e s ,  fewer  l i p i d  b o d i e s ,  c o n s i d e r a b l y  
more p o l y s a c c h a r i d e  g r a n u l e s ,  and c o m p a r a t i v e l y  d i s o r g a n i z e d  t h y l a ­
k o i d s .  A l l  o f  t h e s e  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  a r e  w e l l -  
documented symptoms o f  p h o sp h o ro u s ,  i r o n ,  and n i t r o g e n  l i m i t a t i o n  
i n  c y a n o b a c t e r i a .  I t  i s  u n l i k e l y  t h a t  t h e  u l t r a s t r u c t u r a l  c h a r a c ­
t e r i s t i c s  o f  ^ - g r o w n  c e l l s  were r e l a t e d  t o  phosphorous  l i m i t a t i o n ,  
however,  b ecau se  phosphorous  l i m i t a t i o n  h a s  been  shown t o  r e s u l t  i n  
an a cc u m u la t io n  o f  cyanophyc in  g r a n u l e s  ( J e n s e n  and S ic k o ,  1974; 
S tev en s  e t  a l . ,  1981b). Cyanophycin  g r a n u l e s  were no t  o b se rv ed  i n  
^ - g r o w n  M. lam inosus  c e l l s .  S i m i l a r l y ,  i r o n  l i m i t a t i o n  i s  u n l i k e l y  
t o  have  o c c u r r e d  in  M. lam in o su s  b e ca u se  i t  r e s u l t e d  i n  d i s t i n c t i v e  
and u n u su a l  r e a r r a n g e m e n t s  o f  t h e  t h y l a k o i d  sys tem  in  b o th  Agmenellum 
q u a d ru p l i c a tu m  (H ard ie  e t  a l . ,  1983b) and M. lam inosus  (H a rd ie  and 
B a l k w i l l ,  u n p u b l i s h e d ) .  D i s t i n c t i v e  t h y l a k o i d  r e a r r a n g e m e n t s  were 
no t  seen  i n  t h e  p r e s e n t  s t u d y .  T h e r e f o r e ,  i t  seems most l i k e l y  t h a t  
t h e  I^ -g row n  M. lam inosus  c e l l s  s t u d i e d  h e r e  were u n d e rg o in g  a r e l a ­
t i v e l y  m i ld  form o f  n i t r o g e n  l i m i t a t i o n  (de V asco n ce lo s  and Fay ,
1974; G ie sy ,  1964; P e a t  and W h i t to n ,  1967; S te v e n s  e t  a l . ,  1981a).
I t  cou ld  n o t  have  been  a s e v e r e  form o f  n i t r o g e n  s t a r v a t i o n  b ecau se  
th e  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  n i t r o g e n - s t a r v e d  c e l l s  were 
d i f f e r e n t  from th o s e  o f  ^ “ grown c e l l s  ( s e e  b e l o w ) . The v e g e t a t i v e  
c e l l s  o f  ^ - g r o w n  c u l t u r e s ,  t h e n ,  were n o t  r e c e i v i n g  as  much n i t r o g e n  
as  were t h e i r  NO^-grown c o u n t e r p a r t s ,  pe rh ap s  b ecau se  n i t r o g e n  f i x a t ­
io n  i n  M. lam inosus  was n o t  as  e f f i c i e n t  as  n i t r a t e  a s s i m i l a t i o n .
As a co n sequence ,  l ^ - g ro w n  c e l l s  were p r o b a b ly  l e s s  m e t a b o l i c a l l y  
a c t i v e  t h a n  NO^-grown c e l l s .  C o n s i s t e n t  w i th  t h i s  i d e a  was t h e  f a c t  
t h a t  young ^ “grown c e l l s  were more s i m i l a r  u l t r a s t r u c t u r a l l y  t o  t h e i r
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o l d e r ,  l e s s  m e t a b o l i c a l l y  a c t i v e  c o u n t e r p a r t s  t h a n  were th e  young 
c e l l s  i n  NO^-grown c u l t u r e s .
N i t r a t e  s t a r v a t i o n  i n  M. lam inosus  l e d  t o  s e v e r a l  changes  i n  
v e g e t a t i v e  c e l l  u l t r a s t r u c t u r e  beyond th o s e  a p p a r e n t l y  b ro u g h t  
abou t  by m i ld  n i t r o g e n  l i m i t a t i o n  i n  N2 ~grown c e l l s  ( a b o v e ) .  These 
changes  were c o n s i s t e n t  w i t h  t h e  r e s u l t s  o f  p r e v i o u s  s t u d i e s  on 
n i t r o g e n  s t a r v a t i o n  i n  c y a n o b a c t e r i a  (de V asconce los  and Fay ,  1974; 
G ie sy ,  1964; P e a t  and W h i t to n ,  1967; S tevens  e t  a l . ,  1981a),  e x ce p t  
f o r  th e  marked d i s a p p e a r a n c e  o f  c a rboxysom es . T h i s  i s  s i g n i f i c a n t  
b ecau se  c y a n o b a c t e r i a l  carboxysomes have  been  shown t o  p e r s i s t  d u r ­
in g  p ro lo n g e d  s t a r v a t i o n  f o r  a  v a r i e t y  o f  n u t r i e n t s ,  i n c l u d i n g  n i t ­
rogen  ( a s  c i t e d  a b o v e ) ,  phosphorous  ( J e n s e n  and S i c k o ,  1974; S tev en s  
e t  a l . ,  1981b),  i r o n  (H a rd ie  e t  a l . ,  1983b),  and ca rb o n  ( M i l l e r  and 
H o l t ,  1977).  T h e r e f o r e ,  i t  i s  u n l i k e l y  t h a t  t h e  d i s a p p e a r a n c e  o f  
carboxysomes i n  th e  p r e s e n t  s tu d y  was caused  by t h e  n i t r o g e n  s t a r v a t ­
i o n .  The o n ly  i n s t a n c e  r e p o r t e d  t o  d a t e  i n  which carboxysomes have  
c o n s i s t e n t l y  and c o m p le t e ly  d i s a p p e a r e d  from c y a n o b a c t e r i a l  c e l l s  
h a s  been  d u r in g  h e t e r o c y s t  d i f f e r e n t i a t i o n .  The com ple te  d i s a p p e a r ­
ance o f  t h e s e  s t r u c t u r e s  i n  t h e  p r e s e n t  s t u d y ,  t h e n ,  was i n d i r e c t  
e v id en c e  t h a t  a l l  o f  t h e  c e l l s  i n  M. lam inosus  were a t  l e a s t  c a p a b le  
o f  i n i t i a t i n g  h e t e r o c y s t  d i f f e r e n t i a t i o n  u nde r  c e r t a i n  s t r e s s f u l  
c o n d i t i o n s  such as  s e v e r e  n i t r o g e n  s t a r v a t i o n .
H e t e r o c y s t  D i f f e r e n t i a t i o n  i n  M. lam inosus
This  s tu d y  in c l u d e d  t h e  f i r s t  d e t a i l e d  a n a l y s i s  o f  t h e  h e t e r o ­
c y s t  d i f f e r e n t i a t i o n  p r o c e s s  i n  a b r a n c h in g  f i l a m e n t o u s  ( s t i g o n e m a -  
t a c e a n )  c y a n o b a c te r iu m .  T h i s  i s  im p o r t a n t  b e c a u s e  v i r t u a l l y  a l l  o f  
t h e  d e t a i l e d  i n f o r m a t i o n  now a v a i l a b l e  on h e t e r o c y s t s  and h e t e r o c y s t
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d i f f e r e n t i a t i o n  h a s  come from s t u d i e s  on a l i m i t e d  number o f  Anabaena 
s p .  (Adams and C a r r ,  1981; Carr,, 1979; C a rr  and B ra d le y ,  1973; 
H a se lk o rn ,  1978; H a se lk o rn  e t  a l . ,  1980; Wolk, 1982). Adams and 
C a r r  (1981) s p e c u la t e d  t h a t  s i g n i f i c a n t  d e v i a t i o n s  from th e  c u r r e n t l y  
a c c e p te d  p i c t u r e  would be d i s c o v e r e d  when h e t e r o c y s t s  i n  a  w id e r  
v a r i e t y  o f  c y a n o b a c t e r i a l  ty p e s  were examined w i th  th e  e l e c t r o n  
m ic ro s c o p e .  The p r e s e n t  s tu d y  h a s  had th e  e f f e c t  o f  a d v an c in g  t h i s  
s p e c u l a t i o n  i n t o  th e  re a lm  o f  e s t a b l i s h e d  f a c t .
The U l t r a s t r u c t u r e  o f  H e te r o c y s t  D i f f e r e n t i a t i o n . The sequence  
o f  u l t r a s t r u c t u r a l  changes t h a t  to o k  p la c e  d u r in g  h e t e r o c y s t  d i f f e r ­
e n t i a t i o n  i n  M. lam in o su s  was d i s t i n c t l y  d i f f e r e n t  from t h a t  which 
has  been  d e s c r ib e d  f o r  Anabaena sp p .  ( K u la s o o r iy a  e t  a l . ,  1972; Lang, 
1965; W ilcox e t  a l . ,  1973b). The f i r s t  s t a g e s  o f  Anabaena h e t e r o ­
c y s t  d i f f e r e n t i a t i o n  a l l  in v o lv e d  e x t e r n a l  c h an g e s ,  namely ( i )  th e  
ap p ea ra n ce  o f  an e x t r a  w a l l  l a y e r  known as  th e  " f i b r o u s  l a y e r " ,  ( i i )  
th e  a p p ea ra n ce  o f  th e  homogeneous e x t r a  w a l l  l a y e r  ( e q u i v a l e n t  to  
t h a t  s ee n  in  M. la m in o s u s ) , and ( i i i )  a " s q u a r in g "  o f  th e  c e l l  p o le s  
i n  o r d e r  t o  form  th e  " n e c k s"  l e a d i n g  to  a d j a c e n t  c e l l s  in  t h e  f i l a ­
m en t.  In  c o n t r a s t ,  t h e  f i r s t  s t a g e s  o f  M. lam in o su s  h e t e r o c y s t  
d i f f e r e n t i a t i o n  in v o lv e d  i n t e r n a l  u l t r a s t r u c t u r a l  changes  such as  ( i )  
a d e c r e a s e  i n  p o ly s a c c h a r id e  g r a n u l e s ,  ( i i )  an in c r e a s e  in  r ib o so m a l  
m a t e r i a l ,  and ( i i i )  an a l t e r a t i o n  o f  th e  t h y l a k o id  membranes. M. 
lam in o su s  n e v e r  p roduced  a  " f i b r o u s "  l a y e r  d u r in g  h e t e r o c y s t  d i f f e r e n ­
t i a t i o n ,  w h i le  p ro d u c t io n  o f  th e  homogeneous l a y e r  and fo r m a t io n  o f  
necks  c l e a r l y  o c c u r re d  o n ly  a f t e r  th e  i n t e r n a l  changes l i s t e d  above 
were in  p r o g r e s s .  I t  i s  p o s s i b l e  t h a t  i n t e r n a l  changes p re c e d in g  
th e  fo rm a t io n  o f  e x t r a  w a l l  l a y e r s  went u n n o t ic e d  in  th e  Anabaena
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s t u d i e s ,  b u t  t h i s  i s  u n l i k e l y  i n  v iew  o f th e  f a c t  t h a t  a l l  t h r e e  
s t u d i e s  were in  agreem ent on t h i s  p o i n t .  M. lam in o su s  and Anabaena 
h e t e r o c y s t  d i f f e r e n t i a t i o n  were s i m i l a r  in  t h a t  a l l  s p e c i a l i z e d  
i n c l u s i o n  b o d ie s  n o rm a lly  found in  v e g e t a t i v e  c e l l s  e v e n tu a l ly  
d is a p p e a r e d ,  b u t  in  M. l a m in o s u s , t h e  carboxysom es d is a p p e a re d  much 
e a r l i e r  in  t h e  d i f f e r e n t i a t i o n  sequence . The two o rgan ism s a l s o  
d i f f e r e d  c o n s id e r a b ly  w i th  r e s p e c t  t o  developm ent o f  t h e  i n t e r n a l  
membrane system  in  h e t e r o c y s t s .  In  A nabaena, t h e  t h y l a k o id s  v e s i -  
c u l a t e d  ( s p l i t  a p a r t )  p r i o r  to  t h e  a p p ea ra n ce  o f l a m e l l a r  s t a c k s  o f  
membranes. I t  was su g g e s te d  (K u la so o r iy a  e t  a l . ,  1972) t h a t  t h e  
l a m e l l a r  s t a c k s  o f  membranes th e n  a r o s e  by cle novo fo rm a t io n  of 
membrane v e s i c l e s ,  fo l lo w e d  by c o a le s c e n c e  in to  o rg a n iz e d  l a m e l l a e .
In  c o n t r a s t ,  t h e  t h y l a k o id s  of M. lam in o su s  d id  n o t  s p l i t  a p a r t  d u r ­
ing h e t e r o c y s t  d i f f e r e n t i a t i o n ,  and t h e  l a m e l l a r  s t a c k s  o f  e x t r a  
membranes o r i g i n a t e d  th ro u g h  e lo n g a t io n  o f p r e e x i s t i n g  segm ents of 
th y la k o id  membrane. These  r e s u l t s  i n d i c a t e  t h a t  t h e  c u r r e n t l y  a c c e p t ­
ed sequence  of e v e n ts  f o r  h e t e r o c y s t  d i f f e r e n t i a t i o n  in  c y a n o b a c te r ia  
may a p p ly  o n ly  to  Anabaena s p e c i e s .  D e ta i l e d  e x am in a t io n s  o f a wide 
v a r i e t y  of h e te r o c y s t - f o r m in g  g en e ra  may have to  be c a r r i e d  o u t  b e f o r e  
a f u l l  a p p r e c i a t i o n  and u n d e r s ta n d in g  o f t h i s  p ro c e s s  can be  o b ta in e d .
One m ight ex p ec t  from th e  above t h a t  t h e  u l t r a s t r u c t u r a l  c h a r a c ­
t e r i s t i c s  o f  m a tu re  M. lam in o su s  and Anabaena (K u la s o o r iy a  e t  a l . , 
1972; Lang, 1965; Lang and Fay, 1971) h e t e r o c y s t s  would d i f f e r  to  
some e x t e n t .  M. lam inosus  h e t e r o c y s t s  c l e a r l y  la ck e d  th e  " f i b r o u s  
l a y e r "  and may a l s o  have la c k e d  t h e  " la m in a te d  l a y e r "  t h a t  i s  p r e s e n t  
in  Anabaena h e t e r o c y s t s .  I t  i s  n o t  p o s s i b l e  to  make a  d e f i n i t e  
s ta te m e n t  ab o u t t h e  la m in a te d  l a y e r  b e ca u se  t h i s  l a y e r  has  been r e -
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p o r te d  to  be p r e s e r v e d  w e l l  o n ly  d u r in g  p o ta s s iu m  perm anganate  f i x ­
a t i o n ,  and perm anganate  f i x a t i o n s  were n o t  u sed  in  th e  M. lam in o su s  
p o r t i o n  o f  t h i s  s tu d y .  Most M. lam in o su s  h e t e r o c y s t s  d id  n o t  con­
t a i n  th e  cyanophyc in  " p lu g s "  t h a t  a r e  n o rm a l ly  p r e s e n t  in  th e  necks  
l e a d i n g  to  a d ja c e n t  v e g e t a t i v e  c e l l s .  T h is  i s  somewhat d i s t u r b i n g  
b ecau se  th e  p lu g s  g e n e r a l l y  have  been  c o n s id e r e d  t o  be a s t a n d a r d  
component o f  th e  m a tu re  h e t e r o c y s t  c e l l  (Adams and C a r r ,  1981;
S t a n i e r  and C o h e n -B a z ire , 1977) and have been  u sed  as  th e  s o l e  means 
f o r  i d e n t i f y i n g  h e t e r o c y s t s  i n  l i g h t  m ic r o s c o p i c a l  s t u d i e s  (R ippka 
e t  a l . ,  1979). The l a c k  o f  cyan o p h y c in  p lu g s  i n  h e t e r o c y s t s  o f  N2 ~ 
s t a r v e d  M. lam in o su s  c u l t u r e s  may have been  th e  r e s u l t  o f  th e  n i t r o ­
gen s t a r v a t i o n ,  s in c e  cy an o p h y c in  g r a n u le s  a r e  g e n e r a l l y  th o u g h t  to  
be a form o f  r e s e r v e  n i t r o g e n .  However, t h i s  would n o t  e x p l a i n  why 
th e  p lu g s  were a l s o  r a r e  in  h e t e r o c y s t s  o f  ^ - g r o w n  c u l t u r e s .  The 
i n t e r n a l  membranes o f  M. lam in o su s  were c o n s id e r a b ly  more e x t e n s iv e  
th a n  th o s e  o f  A nabaena , e v e n t u a l l y  f i l l i n g  a lm o s t  th e  e n t i r e  h e t e r o ­
c y s t  c e l l .  In  a d d i t i o n ,  M. lam in o su s  h e t e r o c y s t s  c o n ta in e d  an un­
u s u a l  ty p e  o f  i n c l u s i o n  body t h a t  h a s  n o t  been  r e p o r t e d  to  o c cu r  in  
th e  h e t e r o c y s t s  o f  any o t h e r  c y a n o b a c te r iu m . A l l  o f  t h i s  l e a v e s  
l i t t l e  doub t t h a t  M a s t ig o c la d u s  and Anabaena h e t e r o c y s t s  d i f f e r e d  
s i g n i f i c a n t l y  a t  th e  u l t r a s t r u c t u r a l  l e v e l .  I t  i s  n o t  y e t  known i f  
t h e s e  u l t r a s t r u c t u r a l  d i f f e r e n c e s  r e l a t e  to  im p o r ta n t  f u n c t i o n a l  d i f f ­
e re n c e s  be tw een  th e  two ty p e s  o f  h e t e r o c y s t s ;  p e rh a p s  th e y  a l s o  d i f f ­
e re d  i n  te rm s o f  t h e i r  mechanisms o f  o r  c a p a c i t i e s  f o r  n i t r o g e n  f i x ­
a t i o n .  F u r th e r  r e s e a r c h  on t h i s  q u e s t i o n  c o u ld  p rove to  be a p roduc­
t i v e  e x te n s io n  o f  th e  work d e s c r ib e d  h e r e .
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M orphology o f  H e te r o c y s t  D i f f e r e n t i a t i o n . One o f  th e  more un­
u s u a l  a s p e c t s  o f  h e t e r o c y s t  m orphology n o t i c e d  i n  t h i s  s tu d y  was th e  
f a c t  t h a t  m a tu re  M. lam in o su s  c u l t u r e s  c o n ta in e d  h e t e r o c y s t s  o f  
w id e ly  v a r y in g  sh ap es  and s i z e s .  In  f a c t ,  i t  o f t e n  a p p ea red  t h a t  
s e v e r a l  d i s t i n c t  ty p e s  o f  h e t e r o c y s t s  were p r e s e n t  i n  t h i s  o rg a n ism . 
T h is  i s  i n  s h a rp  c o n t r a s t  to  what h a s  been  r e p o r t e d  f o r  Anabaena and 
N ostoc s p e c i e s  (Adams and C a r r ,  1981; C a r r ,  1979; H a s e lk o rn ,  1978; 
H a se lk o rn  e t  a l . ,  1980; Wolk, 1982), i n  which h e t e r o c y s t s  had r e a s ­
o n a b ly  u n ifo rm  m o rp h o lo g ic a l  c h a r a c t e r i s t i c s .  The s i t u a t i o n  in  M. 
lam in o su s  was p ro b a b ly  j u s t  th e  r e s u l t  o f  h e t e r o c y s t  d i f f e r e n t i a t i o n  
b e in g  i n i t i a t e d  i n  d i f f e r e n t  ty p e s  o f  v e g e t a t i v e  c e l l s  ( i . e . ,  young 
and n a rro w , o ld  and w id e ,  e t c . ) ;  th e  h e t e r o c y s t s  s im p ly  assumed th e  
g e n e r a l  m o rp h o lo g ic a l  c h a r a c t e r i s t i c s  o f  th e  c e l l s  from which th ey  
d e v e lo p e d .  S ince  t h e s e  d i f f e r e n t  ty p e s  o f  h e t e r o c y s t s  d id  n o t  d i f f e r  
in  t h e i r  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o r  in  th e  mechanisms by 
which th e y  d i f f e r e n t i a t e d ,  i t  i s  u n l i k e l y  t h a t  th e y  would have d i f f ­
e re d  f u n c t i o n a l l y .
The most s i g n i f i c a n t  and s u r p r i s i n g  a s p e c t  o f  th e  m orphology o f  
h e t e r o c y s t  d i f f e r e n t i a t i o n  in  M. lam in o su s  was t h a t  i t  b o re  a lm o s t  no 
re sem b lan ce  to  th e  m orphology o f  h e t e r o c y s t  d i f f e r e n t i a t i o n  i n  
A nabaena. I t  i s  a d m i t t e d ly  somewhat d i f f i c u l t  to  compare t h e s e  two 
o rg a n ism s ,  s i n c e  t h e i r  b a s i c  v e g e t a t i v e  m o rp h o lo g ies  a r e  a l s o  some­
what d i f f e r e n t  ( th e  fo rm er c o n s i s t i n g  o f  b ra n c h in g  f i l a m e n t s  and th e  
l a t t e r  c o n ta i n in g  o n ly  unb ran ch ed  f i l a m e n t s ) .  N e v e r t h e l e s s ,  th e  
m orphology o f  h e t e r o c y s t  developm ent in  th e  two o rgan ism s  d i f f e r e d  
g r e a t l y  even  when a com parison  in c lu d e d  o n ly  th e  young f i l a m e n t s  o f  
M. lam in o su s  t h a t  were m ost a n a la g o u s  m o r p h o lo g ic a l ly  to  Anabaena
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f i l a m e n t s .  I t  i s  now w e l l  e s t a b l i s h e d  t h a t  h e t e r o c y s t s  form o n ly  
a t  s p e c i f i c  l o c a t i o n s  w i t h i n  Anabaena f i l a m e n t s ,  th e r e b y  p ro d u c in g  
a r e p e a t a b l e  " s p a c in g  p a t t e r n "  (Adams and C a r r ,  1981; M i tc h iso n  
and W ilcox , 1972; W ilcox e t  a l . ,  1973a, 1975). The h e t e r o c y s t s  a re  
a lw ays s e p a r a t e d  by a minimum number o f  i n t e r c a l a r y  v e g e t a t i v e  c e l l s ,  
th e  p r e c i s e  number b e in g  to  some e x t e n t  a s p e c i e s - s p e c i f i c  c h a r a c ­
t e r i s t i c .  I t  i s  th o u g h t  t h a t  th e  i n t e r c a l a r y  c e l l s  a r e  p re v e n te d  
from d i f f e r e n t i a t i n g  i n t o  h e t e r o c y s t s  by an u n i d e n t i f i e d  i n h i b i t o r y  
compound t h a t  i s  e x c r e t e d  by th e  h e t e r o c y s t s  a l r e a d y  p r e s e n t  i n  th e  
f i l a m e n t  ( L i t e r a t u r e  R ev iew ).  In  any e v e n t ,  h e t e r o c y s t  d i f f e r e n t ­
i a t i o n  i s  c o n t r o l l e d  by a  p r e c i s e  and r e p r o d u c ib l e  mechanism in  
Anabaena and s i m i l a r  g e n e r a .  In  c o n t r a s t ,  th e  young f i l a m e n t s  o f  M. 
lam inosus  d id  n o t  e x h i b i t  a  r e p r o d u c ib l e  s p a c in g  p a t t e r n  a t  a l l .
The number o f  v e g e t a t i v e  c e l l s  be tw een  h e t e r o c y s t s  v a r i e d  by a f a c t ­
o r  o f  t e n  and , in  some c a s e s ,  two h e t e r o c y s t s  formed im m ed ia te ly  
a d ja c e n t  to  one a n o t h e r .  "D ouble" h e t e r o c y s t s  o f  t h i s  s o r t  have been  
seen  i n  Anabaena f i l a m e n t s  o n ly  a f t e r  ex p o su re  t o  m utagens o r  o th e r  
e n v iro n m e n ta l  s t r e s s e s  (Adams and C a r r ,  1981). The r e s u l t s  o f  th e  
p r e s e n t  s tu d y ,  th e n ,  i n d i c a t e  th a t ,  h e t e r o c y s t  d i f f e r e n t i a t i o n  in  M. 
lam in o su s  i s  c o n t r o l l e d  by an e n t i r e l y  d i f f e r e n t  (a n d ,  a p p a r e n t l y ,  
l e s s  p r e c i s e )  mechanism th a n  t h a t  which h a s  been  s t u d i e d  so e x t e n s i v e ­
l y  in  A nabaena. T h is  i n  no way d e t r a c t s  from th e  e x c e l l e n t  work done 
on A nabaena; i t  s im p ly  i n d i c a t e s  t h a t  th e  c o n c lu s io n s  stemming from 
t h i s  work do n o t  a p p ly  t o  M. lam in o su s  and may n o t  a p p ly  to  th e  o th e r  
h e t e r o c y s t - f o r m in g  g e n e ra  t h a t  have y e t  to  be examined c l o s e l y .  A 
c o n s id e r a b le  amount o f  new r e s e a r c h  w i l l  be r e q u i r e d  to  e l u c i d a t e  th e  
mechanism by which M. lam in o su s  r e g u l a t e s  th e  d i f f e r e n t i a t i o n  o f  
h e t e r o c y s t s  in  i t s  young f i l a m e n t s .
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I f  c o n t r o l  o f  h e t e r o c y s t  d i f f e r e n t i a t i o n  i n  young f i l a m e n t s  o f  
M. lam in o su s  was im p r e c i s e ,  i t  must have been  a lm o s t  n o n e x i s t e n t  i n  
th e  o ld e r  f i l a m e n t s .  Double and m u l t i p l e  h e t e r o c y s t s  were o b se rv ed  
f r e q u e n t l y  and , in  some f i l a m e n t s ,  a l l  o f  th e  o ld  c e l l s  were c ap a b le  
o f  d i f f e r e n t i a t i n g  i n t o  h e t e r o c y s t s .  Because o f  t h i s ,  o ld  M. la m i­
nosus  f i l a m e n t s  c o n ta in e d  f a r  h ig h e r  p e r c e n ta g e s  o f  h e t e r o c y s t s  th a n  
have been  r e p o r t e d  to  o c c u r  in  Anabaena o r  r e l a t e d  g e n e ra  u n d e r  any 
grow th c o n d i t i o n s  ( s e e  r e f e r e n c e s  c i t e d  a b o v e ) .  The r e a s o n  f o r  t h i s  
i s  n o t  e n t i r e l y  c l e a r ,  b u t  i t  i s  p ro b a b le  t h a t  th e  l a r g e  numbers o f  
h e t e r o c y s t s  i n  o ld  M. la m in o su s  f i l a m e n t s  s e rv e d  to  su p p ly  combined 
n i t r o g e n  to  th e  l a t e r a l  b ra n c h  f i l a m e n t s .  I f  t h i s  were th e  c a s e ,  
th e n  th e  o ld e r  f i l a m e n t s  i n  ^ “ f i x i n g  c u l t u r e s  had  a  s p e c i a l i z e d  
f u n c t io n  d i s t i n c t  from th o s e  o f  younger f i l a m e n t s .  T h is  i n t e r e s t i n g  
p o s s i b i l i t y  m e r i t s  f u r t h e r  i n v e s t i g a t i o n .
Aging and M orphogenesis  i n  M. lam in o su s
As s t a t e d  e a r l i e r ,  i n d i v i d u a l  M. lam inosus  c e l l s  d id  n o t  c o n ta i n  
any u n u su a l  o r  n o v e l  u l t r a s t r u c t u r a l  f e a t u r e s  t h a t  would d i s t i n g u i s h  
th e s e  c e l l s  from th o s e  i n  n o n b ra n c h in g  f i l a m e n to u s  c y a n o b a c te r i a .  
However, a number o f  i n t e r e s t i n g  and n o v e l  f e a t u r e s  were n o t i c e d  when 
( i )  th e  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  a l l  th e  c e l l s  i n  a complex, 
b ra n c h in g  f i l a m e n t  were examined c o m p a r a t iv e ly  o r  ( i i )  t h e  way in  
which th e s e  com plex, b ra n c h in g  f i l a m e n t s  d ev e lo p ed  m o r p h o lo g ic a l ly  was 
examined i n  d e t a i l .
Nonbranching f i l a m e n to u s  c y a n o b a c te r i a  re p ro d u c e  by " tr ic h o m e  
e lo n g a t io n "  ( S t a n i e r  and C o h e n -B a z ire , 1977); t h a t  i s ,  th e  v e g e t a t i v e  
c e l l s  w i th in  a f i l a m e n t  r e p e a t e d l y  e lo n g a t e  and th e n  d iv id e  to  p roduce
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an i n c r e a s i n g l y  lo n g e r  f i l a m e n t .  E xcep t f o r  l e n g t h ,  th e  m o rp h o lo g i­
c a l  c h a r a c t e r i s t i c s  o f  t h e s e  v e g e t a t i v e  c e l l s  n e v e r  change d u r in g  
t h i s  p r o c e s s .  A l l  o f  th e  c e l l s  w i t h i n  th e  f i l a m e n t  re m a in  a c t i v e  
and c o n t in u e  to  d i v id e  a s  long  as  th e  c u l t u r e  i t s e l f  i s  grow ing ex ­
p o n e n t i a l l y .  T h e r e f o r e ,  th e  i n d i v i d u a l  c e l l s  o f  a c t i v e l y  g row ing , 
n o n b ra n c h in g ,  f i l a m e n to u s  c y a n o b a c te r i a  a re  p h y s i o l o g i c a l l y  and 
m o r p h o lo g ic a l ly  e q u i v a l e n t  t o  th o s e  o f  a u n i c e l l u l a r  c y a n o b a c te r iu m ; 
th e  o n ly  d i f f e r e n c e  i s  t h a t  th e  fo rm er happen to  rem ain  a t t a c h e d  to  
one a n o th e r  i n  a f i l a m e n t  t h a t  i s  som etim es su rro u n d e d  by a common 
s h e a th  l a y e r .  S u r p r i s i n g l y ,  th e  p r e s e n t  s tu d y  h as  d e m o n s t ra te d  t h a t  
th e  s i t u a t i o n  i n  M. lam in o su s  i s  e n t i r e l y  d i f f e r e n t .  V e g e ta t iv e  c e l l s  
i n  a  new, young f i l a m e n t  c o n t in u e d  to  d iv id e  a c t i v e l y  f o r  o n ly  a 
l i m i t e d  p e r io d  o f  t im e ,  even  i f  th e  c u l t u r e  i n  i t s  e n t i r e t y  was s t i l l  
growing e x p o n e n t i a l l y .  A f t e r  t h i s  l i m i t e d  p e r io d  o f  a c t i v e  c e l l  d i v i s ­
io n ,  some mechanism a p p a r e n t l y  p re v e n te d  f u r t h e r  c e l l  d i v i s i o n  i n  th e  
u s u a l  sen se  ( i . e . ,  c e l l  d i v i s i o n  p a r a l l e l  to  th e  lo n g  a x i s  o f  th e  
f i l a m e n t )  w i th o u t  p r e v e n t in g  f u r t h e r  grow th o f  th e  c e l l  body . Conse­
q u e n t ly ,  th e  c e l l s  underw ent a s e r i e s  o f  m o rp h o lo g ic a l  changes  d u r in g  
w hich th e  o r i g i n a l l y  t h i n ,  c y l i n d r i c a l  (young) c e l l s  became w id e ,  
s p h e r i c a l  ( o ld )  c e l l s .  T h is  was e s s e n t i a l l y  a form o f  c e l l u l a r  ag in g  
o r  s e n e s c e n c e  i n  a p r o k a r y o t i c  o rg a n ism , s in c e  th e  w id e ,  s p h e r i c a l  
c e l l s  were u n a b le  t o  r e v e r t  b ack  t o  t h i n ,  c y l i n d r i c a l ,  a c t i v e l y  d i v i d ­
in g  form . The u l t r a s t r u c t u r a l  changes  t h a t  to o k  p la c e  w i t h i n  th e  c e l l s  
as  th e y  rounded  and became w id e r  a l s o  i n d i c a t e d  t h a t  t h e s e  c e l l s  were 
a g in g .  The rounded  c e l l s  had f a r  few er r ibosom es and , p o s s i b l y ,  l e s s  
n u c l e a r  m a t e r i a l .  At th e  same t im e ,  th e y  ten d ed  to  have  l a r g e r  numb­
e r s  o f  s t o r a g e - r e l a t e d  i n c l u s i o n  b o d ie s .  These u l t r a s t r u c t u r a l  changes 
would be e x p e c te d  i f  th e  rounded c e l l s  were no lo n g e r  in v o lv e d  in
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a c t i v e  c e l l  d i v i s i o n  o r  e x t e n s iv e  s y n t h e s i s  o f  new c e l l  m a t e r i a l s .
The aged c e l l s  i n  M. lam in o su s  may have  had s p e c i f i c  m e ta b o l ic  
f u n c t io n s  o r  r o l e s ,  d i s t i n c t  from th o s e  o f  th e  y o u n g e r ,  a c t i v e l y  
d i v i d i n g  c e l l s .  I t  was su g g e s te d  e a r l i e r  t h a t ,  i n  ^ - f i x i n g  c u l t ­
u r e s ,  t h e  o l d e r  c e l l s  may a l l  d i f f e r e n t i a t e  i n t o  h e t e r o c y s t s  i n  
o r d e r  ,to p ro v id e  n i t r o g e n  t o  th e  b ra n c h  f i l a m e n t s .  F u r t h e r  work 
would be r e q u i r e d  t o  e l u c i d a t e  f u l l y  th e  p o s s i b l e  s p e c i f i c  r o l e s  
o f  th e s e  o ld  c e l l s .  In  any e v e n t ,  no e q u i v a l e n t  to  t h e s e  ag in g  
c e l l s  h a s  been  o b se rv ed  in  any o f  th e  u n i c e l l u l a r  o r  n o n b ran ch in g  
f i l a m e n to u s  c y a n o b a c t e r i a  t h a t  have been  examined e x t e n s i v e l y  to  
d a t e .
The aged o r  s e n e s c e n t  c e l l s  in  M. lam in o su s  w ere n o t  moribund 
in  th e  sen se  t h a t  th e y  c o u ld  no lo n g e r  r e p r o d u c e .  They were n o t  
a b le  t o  r e v e r t  back  to  an a c t i v e l y  g row ing form , b u t  th e y  co u ld  u n d e r ­
go one l a s t  c e l l  d i v i s i o n  a f t e r  r e a c h in g  th e  f u l l y  d e v e lo p e d ,  rounded 
m o rp h o lo g ic a l  form . T h is  d i v i s i o n  c o u ld  ta k e  p la c e  o n ly  in  a d i r e c t ­
io n  p e r p e n d ic u l a r  ( u s u a l l y )  o r  d ia g o n a l  to  th e  lo n g  a x i s  o f  th e  f i l a ­
m en t.  I n  o t h e r  w ords , th e  aged c e l l s  co u ld  d iv id e  o n ly  in  such a way 
as  to  s t a r t  t h e  fo r m a t io n  o f  a l a t e r a l  b r a n c h .  The developm ent o f  
l a t e r a l  b ra n c h e s  was q u i t e  i n t e r e s t i n g  i n  i t s e l f  b e c a u se  i t  ap p ea red  
to  have th e  e f f e c t  o f  r e v e r s i n g  th e  a g in g  p ro c e s s  t h a t  to o k  p la c e  in  
th e  m ain f i l a m e n t .  The f i r s t  c e l l s  formed in  th e  b ra n c h  f i l a m e n t s  
were m o r p h o lo g ic a l ly  and u l t r a s t r u c t u r a l l y  i d e n t i c a l  to  th e  aged 
c e l l s  i n  th e  m ain f i l a m e n t .  The new b ra n c h  c e l l s  co u ld  o n ly  d iv id e  
p e r p e n d ic u l a r  to  th e  lo n g  a x i s  o f  th e  m ain f i l a m e n t  ( l i k e  th e  aged 
c e l l s  from which th e y  o r i g i n a t e d ) ,  b u t  s in c e  th e  b ra n c h  f i l a m e n t  i t ­
s e l f  was p e r p e n d ic u la r  to  th e  main f i l a m e n t ,  t h i s  had th e  e f f e c t  o f  
e lo n g a t in g  th e  b ra n c h  f i l a m e n t .  As b ra n c h  developm ent c o n t in u e d ,  th e
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newer c e l l s  became i n c r e a s i n g l y  "y o u n g er"  in  te rm s  o f  t h e i r  morpho­
l o g i c a l  and u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s .  I t  i s  n o t  a t  a l l  c l e a r  
why t h i s  ty p e  o f  m o rphogenes is  to o k  p l a c e ,  u n l e s s  young ( a c t i v e l y  
grow ing) c e l l s  were needed  f o r  s u r v i v a l  o f  a  b ra n c h  f i l a m e n t  a f t e r  
i t  was s e p a r a t e d  from th e  main f i l a m e n t  by th e  r e l e a s e  mechanism 
d e s c r ib e d  in  R e s u l t s .  T h is  i s  a r e a s o n a b le  p o s s i b i l i t y  b e c a u se  r e ­
l e a s e  o f  b ra n c h  f i l a m e n t s  a p p ea re d  to  be th e  o n ly  mechanism t h a t  M. 
lam in o su s  had f o r  p r o p a g a t in g  new f i l a m e n t s .  U n lik e  o t h e r  f i l a m e n t ­
ous c y a n o b a c t e r i a ,  th e  o rg an ism  d id  n o t  p roduce  a k i n e t e s  (which 
co u ld  g e rm in a te  to  r e l e a s e  young f i l a m e n t s )  o r  horm ogonia  ( s p e c i a l ­
iz e d  c e l l s  r e l a t e d  t o  p r o p a g a t io n  o f  new f i l a m e n t s ) .
I t  i s  c l e a r  from th e  above c o n s i d e r a t i o n s  t h a t  th e  m o rp h o lo g ic a l  
developm ent o f  M. lam in o su s  (a n d ,  p ro b a b ly ,  o t h e r  s t ig o n e m a ta c e a n  
c y a n o b a c te r i a )  i s  c o n s id e r a b ly  more c o m p l ic a te d  th a n  t h a t  o f  th e  non­
b ra n c h in g  f i l a m e n to u s  o r  th e  u n i c e l l u l a r  c y a n o b a c t e r i a .  B ecause o f  
t h i s ,  i t  w i l l  be n e c e s s a r y  to  b ro ad en  p r e s e n t l y  a c c e p te d  c o n c e p ts  r e ­
g a rd in g  th e  d i v e r s i t y  o f  s t r u c t u r e  and f u n c t io n  in  p h o to s y n t h e t i c  
p r o k a r y o t e s .  In  a d d i t i o n ,  th e  a s p e c t s  o f  M. lam in o su s  m o rphogenes is  
d e s c r ib e d  in  t h i s  s tu d y  sh o u ld  l e a d  t o  s e v e r a l  v e ry  i n t e r e s t i n g  a r e a s  
o f  r e s e a r c h  i n  th e  f u t u r e .
G en era l  S ta te m e n t
T h is  s tu d y  in v o lv e d  two in d e p e n d e n t  i n v e s t i g a t i o n s ,  each  o f  
which d e a l t  w i th  c e r t a i n  a s p e c t s  o f  u l t r a s t r u c t u r e  and f u n c t i o n  in  
c y a n o b a c t e r i a .  These two i n v e s t i g a t i o n s  were n o t  d i r e c t l y  r e l a t e d  
to  one a n o th e r ,  and i t  was n o t  in te n d e d  t h a t  th e y  sh o u ld  b e .  They 
were l in k e d  o n ly  by th e  f a c t  t h a t  th e y  b o th  in v o lv e d  a s p e c t s  o f  
c y a n o b a c t e r i a l  u l t r a s t r u c t u r e  t h a t  have  r e c e iv e d  l i t t l e  o r  no a t t e n t -
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io n  i n  th e  p a s t .  T ha t i s  why th e  d e t a i l e d  r e s u l t s  o f  t h e s e  two i n ­
v e s t i g a t i o n s  were d i s c u s s e d  s e p a r a t e l y  above . I t  sh o u ld  be n o te d ,  
how ever, t h a t  b o th  s t u d i e s  d id  p roduce  a s i m i l a r  g e n e r a l  r e s u l t :  
th e  o rgan ism s  examined p roved  to  be c o n s id e r a b ly  more complex and 
s o p h i s t i c a t e d  i n  r e g a r d  t o  t h e i r  s t r u c t u r a l  c h a r a c t e r i s t i c s  th a n  
m igh t have  b een  e x p e c te d  from a l l  p r e v io u s  i n v e s t i g a t i o n s  on s t r u c t ­
u re  and f u n c t i o n  in  th e  c y a n o b a c t e r i a .  C o n s id e r in g  how much i s  
a l r e a d y  known ab o u t c y a n o b a c t e r i a l  u l t r a s t r u c t u r e ,  i t  i s  s u r p r i s i n g  
t h a t  th e  r e s u l t s  o f  b o th  i n v e s t i g a t i o n s  i n  th e  p r e s e n t  s tu d y  were 
n o v e l .  I t  i s  im p o r ta n t  t o  r e a l i z e  t h a t  t h e s e  r e s u l t s  do n o t  n e c e s s ­
a r i l y  c o n t r a d i c t  th o s e  o f  p r e v io u s  i n v e s t i g a t i o n s ;  th e y  m e re ly  i n d i ­
c a t e  t h a t  ( i )  th e  c y a n o b a c te r i a  a r e  more s t r u c t u r a l l y  d i v e r s e  and 
c o m p lic a te d  th a n  was th o u g h t  to  be th e  c a se  and ( i i )  i t  i s  n e c e s s a r y  
e i t h e r  to  u se  n o v e l  t e c h n iq u e s  o r  to  c o n c e n t r a t e  on g e n e ra  t h a t  have 
r e c e iv e d  l i t t l e  a t t e n t i o n  i n  o r d e r  to  a p p r e c i a t e  f u l l y  t h i s  d i v e r s i t y  
and c o m p le x i ty .  I t  i s  hoped t h a t ,  i n  th e  f u t u r e ,  a  few i n v e s t i g a t ­
io n s  d i r e c t e d  tow ard  o b t a i n i n g  such an a p p r e c i a t i o n  w i l l  accompany 
th e  i n e v i t a b l y  l a r g e  number o f  s t u d i e s  d i r e c t l y  s t r i c t l y  tow ard 
f u r t h e r  e x a m in a t io n  o f  s p e c i e s  o r  t o p i c s  t h a t  have a l r e a d y  been  
i n v e s t i g a t e d  in  g r e a t  d e t a i l .
V. SUMMARY
T h is  s tu d y  was u n d e r ta k e n  to  examine c e r t a i n  a s p e c t s  o f  cyano­
b a c t e r i a l  m orphology and u l t r a s t r u c t u r e  t h a t  have n o t  r e c e iv e d  v e ry  
much a t t e n t i o n  d u r in g  th e  p a s t  t h i r t y  y e a r s .  Two in d e p en d e n t  in v e s ­
t i g a t i o n s  were c a r r i e d  o u t  in  o r d e r  to  do t h i s :  ( i )  a com ple te  t h r e e -  
d im e n s io n a l ,  u l t r a s t r u c t u r a l  r e c o n s t r u c t i o n  o f  th e  u n i c e l l u l a r  cyano­
b a c te r iu m  Agmenellum q u a d ru p l ic a tu m  and ( i i )  a com prehensive  morpho­
l o g i c a l  and u l t r a s t r u c t u r a l  a n a l y s i s  o f  th e  b r a n c h in g ,  f i l a m e n to u s ,  
h e t e r o c y s to u s  c y an o b a c te r iu m  M a s t ig o c la d u s  l a m in o s u s .
The th r e e - d im e n s i o n a l  r e c o n s t r u c t i o n  o f  A. q u a d ru p l ic a tu m  was 
acco m p lish ed  w i th  a c o m b in a t io n  o f  two r a t h e r  u n c o n v e n t io n a l  e l e c t r o n  
m ic r o s c o p ic a l  a p p ro a c h e s ,  h i g h - v o l t a g e  e l e c t r o n  m ic ro sco p y  o f  t h i c k  
s e c t i o n s  and c o m p u te r -a id e d  r e c o n s t r u c t i o n  o f  s e r i a l  t h i n  s e c t i o n s .  
T h is  was th e  f i r s t  s u c c e s s f u l  th r e e - d im e n s i o n a l  r e c o n s t r u c t i o n  o f  a 
p r o k a r y o t i c  o rg an ism  a t  th e  u l t r a s t r u c t u r a l  l e v e l ,  and i t  le d  to  a 
number o f  n o v e l  and s i g n i f i c a n t  f i n d i n g s :
1. The c o m b in a t io n  o f  h ig h - v o l t a g e  e l e c t r o n  m ic ro sco p y  and com­
p u t e r - a i d e d  r e c o n s t r u c t i o n s  used  in  t h i s  s tu d y  proved  to  be an e s ­
p e c i a l l y  e f f e c t i v e  ap p ro ach  f o r  e l u c i d a t i n g  th e  th r e e - d im e n s i o n a l  
a r c h i t e c t u r e  o f  Agmenellum q u a d r u p l ic a tu m . I t  i s  su g g e s te d  t h a t  t h i s  
ap p roach  w i l l  p rove  e q u a l l y  e f f e c t i v e  when a p p l i e d  to  o t h e r  cyanobac­
t e r i a  o r  to  o th e r  s t r u c t u r a l l y  complex p r o k a r y o t i c  o rg a n is m s .
2 . The s p e c i a l i z e d  i n c l u s i o n  b o d ie s  o f  A. q u a d ru p l ic a tu m  o ccu p ied  
s p e c i f i c  l o c a t i o n s  w i t h i n  th e  c e l l  body . Carboxysomes and p o ly p h o s ­
p h a te  b o d ie s  were a lw ays c e n t r a l l y  l o c a t e d ,  w h i le  l i p i d  b o d ie s  were
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alw ays p e r i p h e r a l l y  l o c a t e d .
3 .  The c e n t r a l  c y to p la s m ic  p o r t i o n  o f  th e  A. q u a d ru p l ic a tu m  
c e l l  was su r ro u n d e d  e n t i r e l y  by th e  in n e rm o s t  p h o to s y n t h e t i c  t h y l a ­
k o id  membrane. I t  was s e p a r a t e d  from th e  r e s t  o f  th e  c e l l  i n  what, 
ap p ea red  to  be a form  o f  t r u e  c o m p a r tm e n ta l i z a t io n  i n  a p r o k a r y o t i c  
o rg an ism .
4 .  The i n d i v i d u a l  membranes o f  th e  com ple te  p h o to s y n t h e t i c  
t h y l a k o id  membrane sy s tem  were a r ra n g e d  as an an as to m o s in g  ne tw o rk  
o f  c o n c e n t r i c  s h e l l s .  These s h e l l s  te n d ed  to  i n t e r c o n n e c t  and 
ap p ro ach  th e  c y to p la sm ic  membrane a t  t h r e e  l o c a t i o n s  a lo n g  th e  e n t i r e  
l o n g i t u d i n a l  a x i s  o f  th e  c e l l .
5 .  The th y la k o id  membrane system  was co n n ec te d  c l e a r l y  to  th e  
c y to p la sm ic  membrane a t  s e v e r a l  l o c a t i o n s  th ro u g h o u t  th e  A. quadrup­
l i c a tu m  c e l l .  I t  was n o t  p o s s i b l e  to  d e te rm in e  w h e th e r  th e  t h y l a ­
k o id s  i n v a g in a te d  from th e  c y to p la sm ic  membrane o r  s im p ly  were 
a t t a c h e d  to  i t  a t  t h e s e  l o c a t i o n s .
6 . The d e t a i l e d  t h r e e - d im e n s i o n a l  a r c h i t e c t u r e  o f  A. q u a d r u p l i ­
catum was e x c e e d in g ly  c o n s i s t e n t  from one c e l l  to  a n o th e r .  T h is  i n ­
d i c a t e d  t h a t  c o n t r o l  o f  i n t r a c e l l u l a r  o r g a n i z a t i o n  w i t h i n  t h i s  o rg a n ­
ism m ust in v o lv e  a v e ry  p r e c i s e  mechanism.
The m o rp h o lo g ic a l  and u l t r a s t r u c t u r a l  c h a r a c t e r i z a t i o n  o f  M. 
lam in o su s  in v o lv e d  o n ly  c o n v e n t io n a l  m ic r o s c o p ic a l  a p p ro a c h e s ,  b u t  
a l s o  l e d  to  im p o r ta n t  and u n e x p ec te d  r e s u l t s .  These r e s u l t s  were 
o b ta in e d  b ecau se  t h i s  was th e  f i r s t  com prehensive  e f f o r t  to  c h a r a c ­
t e r i z e  th e  m orphology and u l t r a s t r u c t u r e  o f  a s t ig o n e m a ta le a n  cyano­
b a c te r iu m .  S t ig o n e m a ta le a n  s p e c ie s  have been  a v o id ed  by e l e c t r o n  
m ic r o s c o p i s t s  in  th e  p a s t ,  a p p a r e n t ly  b ecau se  o f  t h e i r  complex morpho­
l o g i c a l  c h a r a c t e r i s t i c s .  The most im p o r ta n t  f i n d i n g s  o f  th e  p r e s e n t
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s tu d y  can  be summarized a s  f o l l o w s :
1. The b a s i c  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  i n d i v i d u a l  M. 
lam in o su s  v e g e t a t i v e  c e l l s  were q u i t e  s i m i l a r  t o  th o s e  o f  o th e r  
c y a n o b a c t e r i a .  They d id  n o t  c o n ta i n  any u n u s u a l  o r  p r e v i o u s l y  un­
d e s c r ib e d  f e a t u r e s .
2 . The u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  v e g e t a t i v e  c e l l s  were 
a f f e c t e d  n o t i c e a b l y  by th e  a v a i l a b i l i t y  o f  n i t r o g e n  and by th e  id e n ­
t i t y  o f  th e  so u rc e  when n i t r o g e n  was a v a i l a b l e .  The e f f e c t s  o f  n i t ­
ro g en  on u l t r a s t r u c t u r e  were g e n e r a l l y  s i m i l a r  to  th o s e  o b se rv ed  
p r e v i o u s l y  i n  o t h e r  ty p e s  o f  c y a n o b a c t e r i a .
3 .  The u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  h e t e r o c y s t s  in  M. 
lam in o su s  d i f f e r e d  d i s t i n c t l y  from th o s e  o f  h e t e r o c y s t s  formed by 
o t h e r  g e n e ra  ( p r i m a r i l y  A nabaena) i n  s e v e r a l  w ays. These u l t r a -  
s t r u c t u r a l  d i f f e r e n c e s  im p l ie d  t h a t  f u n c t i o n a l  d i f f e r e n c e s  may a l s o  
e x i s t  and would be w o rth y  o f  f u r t h e r  i n v e s t i g a t i o n .
4 .  The sequence  o f  u l t r a s t r u c t u r a l  changes t h a t  to o k  p la c e  d u r ­
in g  h e t e r o c y s t  d i f f e r e n t i a t i o n  i n  M. lam in o su s  was a l s o  q u i t e  d i f f ­
e r e n t  from t h a t  known to  o c cu r  i n  A nabaena . T h is  d e m o n s t ra te d  t h a t  
th e  v a s t  amount o f  d a t a  p roduced  on h e t e r o c y s t  d i f f e r e n t i a t i o n  in  
Anabaena i s  n o t  n e c e s s a r i l y  r e l e v a n t  t o  o th e r  h e t e r o c y s to u s  g e n e r a .
5 .  The m o rp h o lo g ic a l  a s p e c t s  o f  h e t e r o c y s t  d i f f e r e n t i a t i o n  in  
M. lam in o su s  were e x c e e d in g ly  d i f f e r e n t  from th o s e  which have been  
d e s c r ib e d  f o r  o th e r  c y a n o b a c t e r i a .  No r e g u l a r  h e t e r o c y s t  s p a c in g  
p a t t e r n s  were form ed, and i t  ap p ea re d  t h a t  a l l  o f  th e  c e l l s  in  o ld  
f i l a m e n t s  co u ld  d i f f e r e n t i a t e  i n t o  h e t e r o c y s t s .  T h is  i n d i c a t e d  t h a t  
c o n t r o l  o f  h e t e r o c y s t  d i f f e r e n t i a t i o n  must n o t  be e x e r t e d  by th e  p r e ­
c i s e  mechanism th o u g h t  to  f u n c t i o n  in  A nabaena.
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6 . The m o rphogenes is  o f  M. lam in o su s  f i l a m e n t s  was c o m p l ic a te d ,  
i n v o lv in g  th e  fo rm a t io n  o f  l a t e r a l  b ra n c h e s  and s h i f t s  i n  th e  p la n e  
o f  c e l l  d i v i s i o n .  The p r o c e s s  ap p ea re d  to  in v o lv e  a  p r o k a r y o t i c  
e q u i v a l e n t  t o  ag in g  o r  s e n e s c e n c e .
In  g e n e r a l ,  t h i s  s tu d y  h a s  shown t h a t  c y a n o b a c t e r i a  a r e  more 
s t r u c t u r a l l y  d i v e r s e  and c o m p l ic a te d  th a n  has  been  th o u g h t  t o  be th e  
c a se  p r e v i o u s l y .  I t  h a s  a l s o  d e m o n s tra te d  t h a t  i t  i s  n e c e s s a r y  to  
e i t h e r  u se  n o v e l  t e c h n iq u e s  o r  to  examine g e n e ra  t h a t  have  r e c e iv e d  
r e l a t i v e l y  l i t t l e  a t t e n t i o n  i n  o r d e r  t o  a p p r e c i a t e  f u l l y  t h i s  d i v e r ­
s i t y  and c o m p le x i ty .
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